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German Summary 

Polymerkonjugaten als Arzneiform zur gezielten Tumortherapie gilt in der medizinischen 

Forschung ein besonderes Interesse, jedoch ist bisher der Zusammenhang zwischen 

Polymerstruktur, Molekulargewicht und dem Geschehen im lebenden Organismus 

immer noch nicht genau verstanden. Diese Arbeit leistet einen Beitrag zum Verständnis 

dieses Zusammenhangs. Dazu wurden drei strukturell unterschiedliche Polymerklassen 

untersucht um einen geeigneten Kandidaten für die zielgerichtete Tumortherapie 

basierend auf dem EPR-Effekt zu finden: HPMA-Copolymere, Kohlenhydrate und 

Polyglutamate. Die Molekulargewichtsverteilung wurde genau bestimmt und mögliche 

Bedenken hinsichtlich der Toxizität wurden experimentell untersucht. Einige Polymere 

aus jeder Klasse wurden mit besonderem Augenmerk auf die Verteilung und Elimination 

in vivo in Nacktmäusen untersucht. Dafür wurden fluoreszenzmarkierte Polymere 

verwendet, die entweder von Kooperationspartnern bereitgestellt wurden (HPMA-

Copolymere) oder aber im Rahmen dieser Arbeit selbst fluoreszenzmarkiert wurden 

(Kohlenhydrate und Polyglutmate). 

Die Beurteilung der Verteilung aller Polymere im Körper wurde durch nicht-invasive 

nahinfrarote multispektrale Fluoreszenztomographie ermöglicht. Das beobachtete 

Verteilungsmuster war vor allem abhängig von der verwendeten Polymerklasse, aber 

weniger vom Molekulargewicht oder der Polymerarchitektur. So akkumulierten HPMA-

Copolymere vor allem in den Nieren, wohingegen die Kohlenhydrate eine leichte 

Akkumulation in der Leber und den Lymphknoten zeigten. Die Polyglutamate reicherten 

sich spezifisch im Knochen und Knorpel an, was möglicherweise im Hinblick auf die 

Entwicklung von Arzneiformen zur gezielten Anreicherung im Knochengewebe 

interessant sein könnte. Trotz aller Unterschiede zeigte bis auf Dextran keines der 

untersuchten Polymere eine ausgeprägte Akkumulation in der Leber, wie es 

beispielsweise für Nanopartikel oder Nanokapseln oft beobachtet wird. Zweifellos 

scheint dies ein großer Vorteil von wasserlöslichen Polymeren zu sein, da die Gefahr 

einer möglichen Hepatotoxizität minimiert wird und die Verweildauer eines potentiellen 

Wirkstoffs im Blut erhöht wird. Ebenso zeigte keines der untersuchen Polymere eine 

spezifische lokale Akkumulation in den Ovarien, die kürzlich für nanopartikuläre 

Arzneiformen berichtet wurde.  

Die Kohlenhydrate und Polyglutamate wurden jeweils mit einem Fluoreszenzfarbstoff 

konjugiert um die Eigenschaften im Körper zu untersuchen, wohingegen die HPMA-
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Copolymere von Kooperationspartnern mit zwei verschiedenen Fluoreszenzfarbstoffen 

mit unterschiedlichen Emissionsspektren konjugiert wurden. Ein Farbstoff dient dabei 

als ein nicht-abspaltbarer Marker des Polymers und der andere stellt ein Modell für 

einen pH-abhängig abspaltbaren Wirkstoff dar. Auf diese Weise war es möglich, die 

Verteilung des Polymers und des Wirkstoffmodells gleichzeitig mit multispektraler 

Fluoreszenztomographie zu beobachten. Nachdem Verteilung und Elimination 

charakterisiert worden waren, wurde die aufgrund des EPR-Effekts vermutete 

Tumorakkumulation in Mausmodellen humaner Kolonkarzinom-Xenografttumoren 

gezeigt. Wie schon die Verteilung zuvor, konnte auch die Akkumulation in den 

Tumormodellen hervorragend mittels Fluoreszenztomographie dargestellt werden. 

Interessanterweise haben sich alle untersuchten Polymere in den Tumormodellen 

angereichert. Die Anreicherung in den DLD-1-Tumoren war immer besser als in den 

HT-29-Tumoren, was der gesteigerten Wachstumsrate und der damit verbundenen 

Tumormikrostruktur zugeschrieben werden kann, die histologisch nachgewiesen wurde. 

Am Beispiel von unterschiedlichen HPMA-Copolymeren wurde mittels 

Fluoreszenztomographie in vivo nachgewiesen, dass eine Freisetzung des 

fluoreszierenden Wirkstoffmodells von den HPMA-Copolymeren durch die chemische 

Umgebung des Spacers beeinflusst werden kann.  

Eine bedeutende Herausforderung bei der optischen Bildgebung ist die schwierige 

Quantifizierbarkeit der Daten. Dabei müssen einige Effekte, wie beispielsweise 

Streuung, Absorption, Autofluoreszenz und Quenching in Betracht gezogen werden. 

Quenching-Effekte sind in komplexen Matrices oder in vivo nur sehr schwer 

vorherzusehen. Es erwies sich daher als unmöglich aus den gemessenen 

Fluoreszenzintensitäten in vivo Konzentrationen zu berechnen. Die Tumoranreicherung 

wurde in dieser Arbeit dennoch quantifiziert, nachdem dafür ein relativer Ansatz 

entwickelt worden war. Somit konnte die Tumoranreicherung von verschiedenen 

Polymeren und verschiedenen Mäusen verglichen werden. Prinzipiell stellt sich natürlich 

die Frage, ob die Fluoreszenztomographie eine geeignete Methode zur 

Charakterisierung von Polymeren in vivo ist, da die Eigenschaften dieser durch die 

verwendeten Farbstoffe verändert werden können, insbesondere bei den eher 

niedermolekularen Polyglutamaten und dem linearen HPMA-Copolymer. Dies kann 

sicherlich als Nachteil der Methode angesehen werden und die Ergebnisse dieser Arbeit 

sollten daher in weiteren Untersuchungen mit anderen bildgebenden Verfahren, wie 

zum Beispiel MRI oder CT verifiziert werden. Dennoch zeichnet sich die multispektrale 
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Fluoreszenztomographie als einfache und preiswerte Methode aus, was sie speziell für 

Screening-Untersuchungen in der präklinischen Anwendung sehr wertvoll macht. 

Die vielversprechenden Ergebnisse der Tumoranreicherungsuntersuchungen mit 

HPMA-Copolymeren mündeten schließlich in eine Therapiestudie mit einem 

Doxorubicin-konjugiertem HPMA-Copolymer in Xenograft-Tumormäusen. Obwohl das 

humane Kolonkarzinom-Tumormodell in dieser Studie therapieresistent gegenüber 

Doxorubicin war, konnte eine verbesserte Wirksamkeit und reduzierte Toxizität des 

Polymerkonjugats im Vergleich zu freiem Doxorubicin nachgewiesen werden. Die 

Ergebnisse dieser explorativen Studie müssen jedoch durch weitere Untersuchungen in 

anderen Tumoren bestätigt werden. Aufgrund des längeren Beobachtungszeitraums 

sind Tumormodelle mit geringerer Wachstumsgeschwindigkeit dafür empfehlenswert. Es 

muss betont werden, dass die subkutanen Tumormodelle in dieser Arbeit einfach zu 

messen und zu beobachten sind, aber nur eine geringe klinische Relevanz haben. Twan 

Lammers kommentierte subkutane Tumormodelle auf der European Summerschool of 

Nanomedicine 2011 in Wittenberg mit der Aussage (übersetzt aus dem Englischen): 

„Niemand stirbt an einem lokalen soliden Tumor, denn diese würden einfach durch eine 

Operation entfernt werden. Die Menschen sterben an den Metastasen.“ Vor diesem 

Hintergrund müssen die Ergebnisse dieser Arbeit in klinisch relevanteren orthotopen 

und metastasierenden Tumormodellen, die realistischere biologische Eigenschaften wie 

Vaskularisierung und Infiltration widerspiegeln, bestätigt werden.  

Im Rahmen dieser Arbeit zeigten sich Hinweise, dass eine Mehrfach-Applikation zu 

höherer Tumoranreicherung führen kann. Dieser Effekt sollte in nachfolgenden Arbeiten 

weitergehend untersucht werden. Ein Punkt der im Zusammenhang dieser Arbeit nicht 

experimentell untersucht wurde, ist die Aufnahme der Polymerkonjugate in die 

Tumorzellen. Die Prinzipien der Wirkstofffreisetzung basieren meist auf intrazellulären 

Mechanismen, wie zum Beispiel der Abspaltung in den Endosomen. Die 

Polymerkonjugate müssen daher zunächst in die Zellen aufgenommen werden. Es wird 

aber nicht alles mit einer Größe im Nanometerbereich automatisch von Tumorzellen 

internalisiert. Diese würden sonst zum Beispiel mit Plasmaproteinen aus dem Blut 

überflutet werden. Daher sollten weitere Studien unternommen werden, welche die 

Aufnahme der verschiedenen Polymere in die Zellen mit Inkubationsexperimenten 

nachweisen und den genauen Mechanismus untersuchen. 
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Preface 

 

The scientific work which is presented in this thesis covered three subprojects: First, the 

cooperation with the Institute of Macromolecular Chemistry in Prague (Czech Republic) 

about HPMA copolymers. Second, the project about carbohydrate polymers, and third, 

the cooperation with the CIPF in València (Spain) about polymers from polyglutamic 

acid.  

 

The focus of this work was on preclinical in vivo experiments in rodents. For that reason, 

extensive in vitro toxicity experiments, which always have to precede preclinical animal 

studies, have been either laid into the responsibility of the cooperation partners or – if 

conducted within this work in own responsibility – have been limited to a necessary 

minimum. All in vivo experiments complied with regional regulations and guidelines and 

were approved by the local authority in Saxony-Anhalt.  

 

Owing to the variety of polymers investigated in this study, the groups were limited to 

three-four animals in most cases. Although not tested with the small number of animals, 

Gaussian distribution was assumed and the results were calculated as means. Taking 

the lower statistical power of small groups into account, the range was used as error 

bars instead of the usually applied standard deviation, unless it was stated otherwise.  

 

Several parts of this thesis have been published previously in peer-reviewed articles in 

leading scientific journals. These parts have been adequately cited and referenced at 

the beginning of the respective chapters. 
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1 Introduction 

1.1 Cancer and Cancer Therapy 

Cancer has become one of the most common causes of death in the world with an 

estimated number of 7.6 million cancer deaths in 2008.2-4 A particular high incidence can 

be found in the developed countries, whereas the highest mortality is reported for the 

developing countries.3 About half of the cancer prevalence burden is ascribed to the 

most developed areas of the world, representing only one sixth of the world’s 

population.5 The latest WHO world statistics report an increasing number of cancer 

morbidity and mortality with 14.1 million new cancer cases and 8.2 million cancer related 

deaths in 2012.6 Solely in Germany, about 450,000 – 500,000 people get cancer every 

year and one quarter of all deaths are ascribed to cancerous diseases, which were 

216,000 people in 2009.7 Thus, cancer is the second most common cause of death in 

Germany, outnumbered only by cardiovascular diseases.7,8 The most common types of 

cancer were reported to be breast cancer (woman) and prostate cancer (men) followed 

gender-independently by colorectal cancer.3,7,9 Cell lines from colorectal cancer were 

chosen as tumor model in this thesis. The prevalence of cancer and the number of 

cancer associated deaths are steadily increasing, which can be explained with generally 

increased life expectancy, improved diagnostics and more successful therapy of other 

diseases, e.g. stroke or myocardial infarction.10,11 For 2015, a total of 220,000 cancer 

deaths pear year are expected in Germany.12 The high number of patients in 

combination with the disease’s seriousness and expensive therapies is an enormous 

economic burden. The total costs to the economies of the European Union caused by 

cancer are estimated to be € 117 billion per year (including therapy costs, lost earnings 

and premature mortality).13 Thus, tremendous efforts are made to develop new cancer 

therapies resulting in 29 new cancer drug approvals by the European Medicines Agency 

(EMA) for use in Europe in the years 2006 – 2011.14 Solely in the last two years, 21 new 

oncology drugs were approved by the U.S. Food and Drug Administration (FDA) for use 

in the USA.15,16 However, cancer mortality is still high and there are certain types of 

cancer with very poor prognosis (e.g. pancreatic cancer, glioblastoma multiforme and 

stomach cancer).9,17  
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Development of Cancer 

The fundamental cause of cancer is continuous and unregulated cell division.18 Several 

factors have been identified to increase the risk for developing cancer.19 Amongst 

others, most certainly correlated cancer risks are radiation,20-22 smoking,23-26 nutrition 

and obesity,27,28 and infectious diseases caused by oncoviruses like hepatitis C virus29 or 

the human papilloma virus.30 All of these risks share the property to lead – directly or 

mediated – to alterations in the genetic code of the DNA in cells. Indeed, genetic 

alterations in multiple genes of the cancerous cells are the reason for the pathologic 

unregulated cell growth.18,31 These alterations can basically occur in every tissue and 

cell type, leading to a broad variety of cancers. The type of cancer developed from these 

altered cells is particularly dependent on the genes affected and on following genetic 

mutations influencing the properties of the cells. Hanahan and Weinberg describe 

several hallmarks which need to be fulfilled to develop malignant cancer: sustaining 

proliferative signaling, evading growth suppressors, activating invasion and metastasis, 

enabling replicative immortality, inducing angiogenesis, resisting cell death, 

reprogramming energy metabolism and evading the immune system.32,33 The tumors 

being formed from proliferative cells exhibiting these hallmarks are highly complex and 

interact with other cells like fibroblasts, endothelial cells and leucocytes, which are 

involved in the tumor biology and structure.34 A more detailed insight into the 

development of cancer is certainly beyond the scope of this thesis and – as far as it is 

understood yet – cancer genesis has been described comprehensively in literature 

previously.32,33 

Cancer Therapy 

Cancer therapy basically aims at the removal of cancerous cells, whereas for a lasting 

therapy success all cancer cells have to be effectively removed, killed or kept dormant. 

The central pillars of cancer treatment are surgery, radiation therapy and chemotherapy, 

depending on the cancer type and stage. The first substantial chemotherapeutic for 

cancer therapy was chlormethine, a nitrogen mustard derivative, which was intentionally 

developed as a chemical warfare agent based on the sulfur mustard poison used during 

the World War I.35-37 The anti-tumor activity of this substance was discovered in 1942 

and chlormethine (Mustargen®) as well as a number of derivatives (e.g. 

cyclophosphamide, ifosfamide) are used as chemotherapeutics down to the present 

day. Many other substance classes have been discovered since then. However, for 
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decades cancer therapy was limited to classical cytotoxic substances inhibiting cell 

division and leading to apoptosis. But in recent years, besides new classical 

chemotherapeutics, also alternative therapeutic approaches have been developed or 

are under research. Examples include for instance molecularly targeted drugs,38 stem 

cell therapy,39,40 gene therapy,41,42 cancer vaccines43,44 and others. From all these 

approaches, molecularly targeted drugs have been the most successful in the last years, 

leading to market authorizations of drugs (often monoclonal antibodies) targeting for 

instance tumor-specific tyrosine kinases (e.g. Gleevec®) or growth factor receptors like 

VEGF (Avastin®) or HER-2 (Herceptin®).45-47  

Besides researching new chemotherapeutic compounds and molecular targets, efforts 

have been made to improve tumor-specific drug delivery and pharmacokinetics of the 

chemotherapeutics, which resulted in several approved products (e.g. Abraxane® or 

Caelyx®). By conjugation of radionuclides or cytotoxic agents with tumor cell specific 

monoclonal antibodies, efficient therapeutics against certain types of cancer could be 

developed (e.g. Bexxar® or Ontak®); however these actively targeted therapies are – like 

all antibody related therapeutics – only effective for certain tumors, expressing the 

specific antigen. It is the advantage of passive tumor targeting that the therapeutic 

response is not dependent on the presence of specific antigens. Many types of 

nanocarriers like nanoparticles,48-50 liposomes,51-53 micelles54-56 or polymer  

conjugates57-59 have been extensively investigated for efficient passive delivery of 

chemotherapeutics to the tumor. The principle behind all those drug delivery systems is 

passive accumulation in the tumor due to the enhanced permeability and retention effect 

(EPR). 

All these efforts in drug discovery, molecular target identification and drug delivery 

resulted in a steadily improved cancer therapy in the recent years, but nonetheless 

many patients die from cancer due to resistance of cancer cells to chemotherapeutic 

therapy. Whether or not a cancer is therapy-resistant is based on a variety of mutations 

of the cancer cells.60-62 In Germany, the relative 5-year survival of patients suffering from 

colorectal cancer (CRC) – which was chosen as model cancer in this work – was 62 % 

in 2008, meaning that two out of five patients die from CRC within five years after 

diagnosis. Solely in 2008 this meant approximately 27,000 people having died from 

CRC in Germany.9 This clearly emphasizes the need of continuous research in this field.  
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1.2 The EPR-Effect 

The enhanced permeability and retention effect (EPR) has become a popular model to 

describe the specific property of the tissue in solid tumors. Due to extensive 

angiogenesis, high blood vessel density and many other morphological differences, the 

blood vessel endothelium is more permeable to macromolecules or other nano-scaled 

structures than “normal” blood vessels.63,64 On the other hand, the lymphatic system is 

insufficiently developed, which may result in retention of extravasated carriers or 

macromolecules in the tissue.63-66 The principle of EPR is presented in Scheme 1. The 

effect has been first described by Yasuhiro Matsumura and Hiroshi Maeda more than 25 

years ago for proteins of different size, although it was not called EPR at that time.67  

 

Scheme 1. Principle of the EPR effect inspired from previous publications59,68,69 
(schematic and not true to scale). Whereas the endothelium in “normal” tissue is tight, 
tumor tissue has a high density of leaky blood vessel endothelia and lacks of functional 
lymphatic system. Thus, macromolecules can be extravasated and retained in tumor 
tissue.  
 

The principle of EPR as a driving force has been proven by i.v. injection of Evans Blue 

dye into tumor bearing mice. The dye tightly binds to albumin, and the dye extravasation 

to tumors can be regarded as macromolecular extravasation.67,70 The EPR effect has 

been extensively investigated and enlightened in the last decades.71-73 It has been 

claimed as driving force for the development of all kinds of nanocarriers for passively 
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targeted tumor therapy.69,74-77 Today the effect is more critically discussed, even by its 

discoverer Hiroshi Maeda.71,72 Especially the increased interstitial fluid pressure (IFP), 

which can be regarded as consequence of lacking lymphatic function that has been 

observed in several tumors78-80 is discussed as a hurdle for EPR-based tumor 

targeting.81 Also notable is the fact that even more than 25 years after the first 

description of this effect no products were approved for the market, for which EPR could 

be seriously considered as a driving force, except from Doxil®, Abraxane® and SMANCS 

(in Japan only). Nevertheless, several products have been and still are evolved in 

clinical studys. However, it had turned out that EPR may be exploited by artificial 

hypertension.70,73,82  

1.3 Polymer Therapeutics 

Many drug delivery systems and medical devices consist of polymers and thus may be 

regarded as polymer therapeutics, including hydrogels, wound-adhesives, nanoparticles 

and many others. Within this work the term “polymer therapeutics” is used for water-

soluble polymers which might be used for drug delivery or diagnostic purposes in 

injectable solutions, which reflects only one part of polymers in medicine. 

In fact, polymers have been already used in medicine and pharmacy for centuries 

considering for example polymers from natural sources as excipients in tablets, pills or 

gels. However, “polymer therapeutics” is also used as a collective term for all modern 

polymer-related drug delivery systems, for instance rationally designed macromolecular 

drugs, polymer conjugates, polymeric micelles or polyplexes for gene delivery.58,83 First 

clinical experiences with polymers as active pharmaceuticals were made in the 1940’s, 

mainly with plasma expanders (PVP and dextran) or as antiseptics (PVP-iodine).84 The 

beginning of rational polymer synthesis with the aim to develop nano-scaled drug 

delivery systems can be ascribed to a few pioneers who established fundamental 

knowledge in the field already in the 70s and 80s of the last century, particularly Helmut 

Ringsdorf,85-87 Ruth Duncan,88-90 Jindřich Kopeček,91-93 and Karel Ulbrich.94-97 Based on 

the work of these pioneers a broad variety of polymer structures has been investigated 

for their potential as drug delivery systems in the last decades, including amongst many 

others polyethylene glycols,98-100 N-(2-hydroxypropyl)-methacrylamide,101-103 polyglycerol 

polymers,104,105 poly-(2-oxazoline)s106,107 and polypeptides108-110. 
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All these polymeric drug delivery systems consist of natural or synthetic water-soluble 

polymers and have a small size in common, which is usually below 100 nm.83 Thus, 

polymer therapeutics can be of course regarded as a part of nanomedicine with all its 

unique features, opportunities and challenges. Undoubtedly, most often polymer 

therapeutics are researched and developed for the treatment of cancer, but many other 

indications have been also addressed, for instance hepatitis B and C (pegylated 

interferon α2a; Pegasys®), cancer associated neutropenia (PEGylated filgrastim; 

Neulasta®) or multiple sclerosis (copolymer of alanine, lysine, glutamic acid and tyrosine; 

Copaxone®).84,111 Further, polymer conjugation presents to be a possibility to affect 

pharmacokinetics by enhancing body circulation time or could be used to reduce 

immunogenicity of proteins.111,112 

1.3.1 Polymers in Cancer Therapy 

The research in polymer sciences of the recent decades contributed strongly to the 

achievements in cancer therapy – whether in consideration of chemotherapy wafers 

(Gliadel®), polymer-drug conjugates (Zinostatin Stimalmer®) or PEGylated Liposomes 

(Doxil®).68,113 In current research polymers are used to design various vehicles for the 

delivery of chemotherapeutics with the aim to increase the therapeutic efficacy and to 

reduce undesired side effects.114 Polymer-derived nanoparticles and micelles have been 

intensively studied,54,74,114-118 but also water–soluble polymer–drug conjugates gained 

particular interest in the recent years.68,119-123 The broad interest raises the question: 

What are the benefits of polymer drug conjugates compared to other drug delivery 

systems? Answering this question, three advantages are very important: 

 First, in polymer–drug conjugates tumor-specifically degradable linker are often 

used, whereas the partition equilibrium of the drug at the particle-solvent 

interface is a crucial limiting factor for drug release from nanoparticles or 

nanocapsules. Usually, the – often lipophilic – chemotherapeutic drug is 

incorporated in carriers, which also often exhibit pronounced lipophilicity, which 

results in poor drug release. 

 Second, the small and hydrophilic polymer–drug conjugates often have 

extended body circulation without showing the typical blood–removal effects of 

particulate drug delivery systems (strong accumulation in liver or spleen). 
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 Third, polymer–drug conjugates provide the opportunity of optimized 

combination therapy by conjugation of more than one drug in an optimized 

ratio.124-126 

Nonetheless, the transfer of these advantages to approved market products is very 

challenging. To satisfy regulatory requirements, detailed and validated understanding of 

polymer purity and heterogeneity as well as extensive knowledge about toxicity issues is 

required.127-129 However, more than ten polymer–drug conjugates for the treatment of 

cancer have been already taking the step from the preclinical to the clinical stage.75,84,130 

The most promising candidates currently investigated are given in Table 1. Although 

OpaxioTM has been demonstrated to be a very promising candidate in several clinical 

studys, a market authorization application in Europe for the treatment of lung cancer 

was withdrawn by the manufacturer.131,132  

Table 1. Examples of recently developed promising polymer–drug conjugates that 
managed the leap to be investigated in clinical studies. 

Substance Company Composition Indication Stage 

Opaxio
TM

 
(Xyotax) 

Cell 
Therapeutics, 
Inc. 

PGA-paclitaxel 
non-small-cell lung 
cancer, ovarian cancer 
and others 

Phase III  

ProLindac
TM 

Access 
Pharmaceuticals, 
Inc. 

HPMA-
copolymer-
DACH-platinate 

metastatic and/or 
unresectable recurrent 
head and neck cancer 

Phase II 

(HA)iri Alchemia Ltd. HA-Irinotecan 
metastatic colorectal 
cancer 

Phase III 

PGA: polyglutamate; HPMA: N-(2-hydroxypropyl)-methacrylamide; DACH: diaminocyclohexane; 

HA: hyaluronic acid 

1.4 Imaging of Cancer 

Imaging technologies are used in a variety of diseases today. In cancer diagnostics, 

imaging is probably the most important diagnostic tool to detect cancer in its early 

stages, which is an important criterion for effective cancer therapy.133 Without imaging 

techniques, early cancer diagnosis as well as observation of cancer therapy success 

and metastasis formation would be impossible. Several technologies have been 

developed and each has its unique field of application, strengths and limits. The most 

common imaging technologies that have become indispensable diagnostic tools in the 

clinic are computed X-ray tomography (CT), magnetic resonance imaging (MRI) and 
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ultrasound.133 Functional imaging of metabolic processes or pathologic events has been 

achieved by use of emission tomography technologies like positron emission 

tomography (PET, using β-rays) or single photon emission computed tomography 

(SPECT, using γ-rays).134,135 For example, 18F-fluordesoxyglocose (18FDG) is used as 

PET tracer to specifically detect tumor cells with enhanced glucose metabolism.136,137 

However, tissue morphology cannot be displayed using PET and SPECT and therefore 

these techniques are nowadays combined with CT or MRI for diagnostic purposes.138-142 

Besides these clinically well-established imaging methods, fluorescence imaging (FLI), 

also often termed as optical imaging (OI), has recently also attracted increased attention 

in cancer research.  

1.4.1 Fluorescence Imaging 

Fluorescence imaging belongs to a series of imaging methods that use visible or near-

infrared light as information medium.143 In fluorescence imaging, light is emitted from 

fluorophores – which may be fluorescent proteins, quantum dots or small molecules – 

during exposure with excitation light. Thereby, the emitted light has usually less energy 

(resulting in longer wavelength) than the excitation light (Stokes shift). The fluorescence 

of the molecules can be isolated With appropriate filters and detected from a complex 

matrix, i.e. a living animal. It has been shown that there is an optimum wavelength for 

FLI in the near infrared (NIR) range of the spectrum due to low tissue absorbance, which 

leads to high light penetration.144-147  

 Further, the autofluorescence in animals (e.g. from nutrition and proteins) is lowest in 

this range, providing an optimum signal to noise ratio (SNR). However, the accuracy 

decreases by the use of NIR-light due to multiple scattering events.146 As there are 

many influences on the measured fluorescence (for instance absorption, scattering and 

quenching effects), quantification is a difficult task in FLI. Although the interpretation of 

the results is not trivial, it is much more useful for screening purposes than other non-

invasive imaging techniques (e.g. radionuclide-based approaches or MRI) due to its 

easy setup.148,149 For more detailed and quantitative results, fluorescence imaging has 

been recently combined with CT.150,151 

Fluorescence imaging has been shown to be a versatile tool for tracking the in vivo fate 

of nanoscaled drug delivery systems in preclinical animal studies.151-155 One of the major 

advantages of FLI compared to other imaging techniques is an overall easy set-up: for 

instance, neither are radioactive labels required (like in PET or SPECT) nor is 
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radioactivity used for the measurement (like in CT or X-ray), nor is expensive cooling 

required (like often in MRI). Further, based on the variety of available fluorescent 

molecules a conjugation of any molecule is feasible and due to the stability of many 

fluorophores long-term observation even for several months is possible with nontoxic 

fluorescent probes. Beyond simple fluorescence imaging, the development of 

multispectral imaging algorithms provide the possibility to observe two or more 

fluorescent probes simultaneously and to increase the SNR by autofluorescene 

spectrum subtraction. 

In the recent years strong efforts have been made to transfer the experience made with 

preclinical fluorescence imaging towards a clinical application. Amongst others, research 

was focused on the development of an optical mammography scanner for detection or 

therapy monitoring of breast cancer.156-161 Further, progress in clinical applications has 

been achieved in the detection of liver cancer162,163 or in the development of a hand-

scanner for the detection of inflammation in patients with arthritis (Xiralite®).164-166 

However, the use of fluorescence imaging in the clinic is difficult due to the limited 

penetration depth even of NIR light. The most promising use of fluorescence imaging is 

undoubtedly preclinical in vivo imaging in small animals. 

  



1 Introduction Aims and Objectives 10 

1.5 Aims and Objectives 

Although polymers have been investigated as potential drug delivery systems for years, 

systematic knowledge about the relationship of polymer structure and the fate in the 

living organism is often rare. This turned out to be a major obstacle on the road towards 

authorized products. This work focuses on multispectral fluorescence imaging as a 

preclinical method to evaluate the body fate of potential polymeric drug carriers. 

Therefore, structurally different polymer classes are investigated for their potential as 

drug delivery system for targeted cancer therapy within this work: HPMA copolymers, 

carbohydrates and polyglutamates. All polymers were obtained either from cooperation 

partners or provided by a company. In particular, the following major objectives are 

addressed: 

 Characterization of the polymers in vitro and selection of suitable candidates for 

in vivo multispectral FLI. In this regard, the molecular weight distribution and 

particle size are of special interest. If necessary, the potential toxicities are also 

addressed. 

 Selection of suitable fluorescent dyes for multispectral FLI and synthesis of 

stable fluorescent polymer-dye conjugates from the carbohydrates and the 

polyglutamates. 

 Evaluation of the potential of multispectral FLI as a preclinical tool to characterize 

and compare the biodistribution and elimination of various polymers in a nude 

mouse model with a special focus on the structure and architecture dependent 

accumulation in certain organs. The use of multispectral FLI to characterize the 

distribution of a polymer and a releasable fluorescent drug model 

simultaneously. 

 Investigation of the potential of the most promising candidates from each 

polymer class for passive tumor targeting and use of FLI to prove the 

accumulation in subcutaneous human colon carcinoma xenograft models.  

 Development and evaluation of a comparable quantification method for the 

multispectral FLI to analyze and describe the tumor accumulation of different 

polymers. 

 Confirmation of the predictive tumor accumulation results of one polymer in a 

therapy study to demonstrate the beneficial effect of passive tumor targeting. 
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2 Experiments 

2.1 Materials 

A variety of chemicals, reagents and solvents has been used for conjugation chemistry 

and for the experiments described in this thesis. A complete listing of all substances and 

its origin is given in appendix 5.1.  

2.1.1 Origin of Polymer Precursors 

All polymers based on N-(2-hydroxypropyl)-methacrylamide (HPMA) have been 

originally synthesized by radical copolymerization of monomers by cooperation partners 

in Prague, Czech Republic.a The polymer precursors based on polyglutamic acid (PGA) 

have been originally synthesized by RAFT polymerization of monomers from 

cooperation partners in Valencia, Spain.b The synthesis of these polymer classes is not 

part of this thesis. The carbohydrates polymers used within this work have been kindly 

provided by Serumwerk Bernburg AG, Germany. 

2.1.2 Fluorescence Dyes 

Fluorescence dyes used for polymer labeling were purchased either from Dyomics, 

Germany (DY-676-Amine, DY-781-Amine and DY-782-NHS ester) or from Li-Cor, USA 

(IRDye® 800CW-NHS ester). An overview of the structures and fluorescent properties is 

presented in Scheme 2. The fluorescent dyes used in this work are cyanines, exhibiting 

stable and pronounced fluorescence emission in the far red or near infrared part of the 

electromagnetic spectrum. Amines or N-Hydroxysuccinimide esters (NHS) were chosen 

as reactive groups for conjugation reactions with the polymers (Scheme 2). 

                                                
a
 Institute of Macromolecular Chemistry AS CR, v.v.i., Heyrovský Sq. 2, 162 06 Prague 6, Czech 

Republic (T. Etrych, L. Schindler (née Vystrčilová), P. Chytil) 
 
b
 Centro de Investigación Príncipe Felipe, C/ Eduardo Primo Yúfera 3, 46012 Valencia, Spain 

(M.J. Vicent, R. England, F. Canal) 
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Scheme 2. Structure and properties of the fluorescence dyes used for polymer 
conjugation as published by the manufacturers. MW: molecular weight; Ex/Em: 
excitation maximum and emission maximum in ethanol (DY-676, DY-781, DY-782) or 
methanol (IRDye® 800CW). 

2.1.3 Origin and Specifications of Animals 

Two strains of nude mice were used for in vivo and ex vivo experiments. The strain 

SKH1-Hrhr was used for the characterization of polymer biodistribution and elimination. 

Unless otherwise stated, these mice were taken as females (2-6 months old) from the 

breeding of the ZMG of the Martin-Luther-University Halle-Wittenberg (originally ordered 

from Charles River Laboratories). All tumor-experiments were carried out in male 

athymic nude mice (Hs1Cpb:NMRI-Foxn1nu), which were ordered from Harlan 

Winkelmann, Germany. Tumors were inoculated at an age of 6-8 weeks. 
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2.2 Methods 

2.2.1 Conjugation Chemistry 

2.2.1.1 HPMA Copolymers 

All HPMA based polymers were synthesized and conjugated with the fluorescent dyes 

DY-676 and DY-782 by cooperation partners in Prague (Czech Republic) based on 

previously published methods. 

2.2.1.2 Carbohydrate Polymers 

The carbohydrates used in this work present solely hydroxyl-group as reaction site. To 

provide a stable and under physiological conditions non-cleavable polymer-dye 

conjugate, amine functions were introduced to the polymers prior to conjugation with the 

dye IRDye® 800CW to provide a stable amide bond. For this purpose all polymers were 

activated with p-toluenesulfonyl chloride based on a previously described method.167  

1 g of HES 200 or HES 450 respectively was dissolved in 20 mL dimethylformamide 

(DMF). 1 g Dextran 500 was dissolved in 20 mL borax buffer (pH 10) as the reaction in 

DMF did not work here. Tosyl-activation in aqueous media was already previously 

described.168 All solutions were cooled to 2-4 °C and 2 mL triethylamine were added. 

0.3 g (HES 200 and 450) and 0.2 g (DEX 500) toluenesulfonyl chloride were dissolved in 

2 mL DMF in the dark and dropwisely added to each polymer solution, which was then 

stirred for 2 h in the dark at 2-4 °C. The polymers were precipitated by pouring the 

solutions into 100 mL cold acetone (4 °C), washed 3 times with each 20 mL cold 

acetone, dried, dissolved in 30 mL water and dialysed against 1.5 L water for 72 hours 

(3.5 kDa membrane, medium was changed five times). The resulting solutions were 

lyophilized afterwards and the reaction success was evaluated by 1H-NMR 

spectroscopy. 300 mg of the tosyl-activated polymers were dissolved in a 50 mL mixture 

of borax buffer (pH 9.5) and DMF (2:1 v/v). 1.5 g ethylenediamine (500 fold molar 

excess) were added and the solution was stirred for two days at 40 °C (HES 200 and 

HES 450) or for one day at 70°C (DEX 500) in the dark. The amine-modified polymers 

were precipitated in a mixture of methanol and 2-propanol (1:1 v/v, 200 mL), washed 3 

times with 20 mL methanol/2-propanol, dried, dissolved in 30 mL water, dialysed against 

water for 72 hours as described above and lyophilized.  
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After amine modification, the modified polymers were conjugated with an amine-specific 

NHS ester of the fluorescent dye IRdye® 800CW. Therefore, 100 mg of the amine-

modified polymers were dissolved in bi-distilled water (50 mL) and reacted with 0.6 mg 

dye IRDye® 800CW-NHS ester in the dark for two hours at 4 °C and a pH of 8.5 and 

subsequently dialysed against water and lyophilized afterwards. Unmodified dextran 500 

(60 mg) was conjugated with 0.4 mg IRDye® 800CW-NHS ester to serve as an ester 

control using the same reaction parameters. The polymer solution was frozen in liquid 

nitrogen immediately after the reaction and subsequently lyophilized to avoid ester 

hydrolysis. 

2.2.1.3 PGA Polymers 

Polymers based on polyglutamic acid present carboxylates as reactive site. Once again, 

an amide bond was chosen to be formed because of the in vivo stability. Thus the 

carboxyl-groups were activated with NHS and the NHS-activated polymer was 

conjugated with an amine reactive fluorescent dye (DY-781-NH2). The following reaction 

procedure was used for each of the polymers:  

60 mg of the PGA polymers (sodium salts) were dissolved in 20 mL purified water. 

12 mg NHS (TB-PGA-200 and S-PGA-200) or 20 mg Sulfo-NHS (DB-PGA-150 and 

L-PGA-400) were added, respectively. The pH was dropwisely adjusted with 1 mM HCl 

to 5.0 and the solution was cooled on ice to 2-4 °C in the dark. 10 mg EDCI was added 

to the solution in two equal portions with a time delay of five minutes. The pH of the 

solution increased immediately and was kept constant at pH 5.0 ± 0.5 by addition of 1 

mM HCl. When the pH remained constant, immediately 0.5 mg dye (DY-781-NH2) in 

1 mL methanol was added to the solution and the pH was raised to 8.5 - 9.0 by addition 

of 1mM NaOH. The solution was stirred for 2-3 hours at 4 °C and the pH was constantly 

checked and kept at 8.75 ± 0.25. Afterwards, the solution was dialyzed against 2 L water 

for 3-5 days (3.5 kDa membrane, medium was changed 5-8 times) to remove unreacted 

dye, NHS and solvents and afterwards subsequently lyophilized.  

2.2.2 Lyophilization 

Lyophilization of the polymer-dye conjugates and synthesis intermediates was carried 

out after rapid freezing of the polymer solutions (polymers in bi-distilled water) in liquid 

nitrogen in 250 mL round flasks. A Christ ALPHA 1-2 freeze drying system was 



2 Experiments Methods 15 

combined with a Vacubrand RZ 2 vacuum pump for the Lyophilization process, which 

lasted 24-48 h. 

2.2.3 1H-NMR-Spectroscopy 

Success of the activation reactions of the carbohydrate polymers with toluenesulfonyl 

chloride and the following cleavage of the tosyl-groups was proven by nuclear magnetic 

resonance spectroscopy (1H-NMR). Therefore, 7 mg polymer were dissolved in 700 µL 

D2O and 1H-NMR spectra were recorded at 400 MHz using a Gemini 2000 spectrometer 

(Varian Inc., France).  

2.2.4 Particle Size and Molecular Weight Distribution 

Particle size distributions were measured by dynamic light scattering (DLS) and by 

asymmetric flow field-flow fractionation (AF4), which additionally exhibited precise 

molecular weight distribution of the polymers. 

2.2.4.1 Dynamic Light Scattering 

DLS, also known as photon correlation spectroscopy (PCS), is a routinely used method 

to determine hydrodynamic radii of particles. The principle of this technique is the 

correlation of time dependent intensity fluctuations of scattered laser light with the 

Brownian motion of the particles. The theory behind this technique is reviewed in the 

literature.169-171 Particle size distributions were measured by dynamic light scattering on 

a Nano-ZS instrument Zetasizer (ZEN3600, Malvern, UK). Samples were dissolved in 

bi-distilled water (10 mg/mL) and filtered (0.45 µm) prior to measurements at 25 °C in 

the backscattering mode at 173° (n=4). The refractive index of 1.33 and a viscosity of 

0.89 mPa*s were used for the medium (water at 25 °C). Z-average values and 

polydispersity was calculated using the instrument software (version 6.30). 

2.2.4.2 AF4/MALLS 

Field-flow fractionation is a separation method for particles and macromolecules. The 

difference to chromatographic separation techniques is that a field of separation force is 

applied to the particles in the mobile phase and this field replaces the stationary phase 

in chromatographic techniques.172,173 In asymmetric flow field-flow fractionation (AF4), an 
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asymmetric cross-flow is used as field of force to separate the particles or molecules in 

a separation channel having a permeable wall.174 This technique has attracted attention 

especially for characterization of molecular weight distributions of  

polymers.175-178 The basic separation principle of AF4/MALLS has been adequately 

described previously.179,180  

With the aim to determine the molecular weight distribution, asymmetric flow field-flow 

fractionation (AF4, Eclipse F) was combined with a multi-angle light scattering detector 

(MALLS, DAWN EOS) and an RI detector (Shodex 101). The length of the trapezoidal 

channel was 265 mm and its height was 350 µm. Polyethersulfone (PES) with a MWCO 

5k (Wyatt, Germany) was used as a channel membrane for analyzes of the 

carbohydrates and regenerated cellulose (RC, MWCO 5 kDa, Microdyn Nadir GmbH, 

Germany) was used for the polymers based on polyglutamic acid. PBS preserved with 

0.02 % sodium azide and filtered through 0.1 µm served as carrier liquid. 100 µL of 

polymer solution (1 mg/mL) in PBS were injected over two minutes (injection flow: 

0.20 mL/min, focus flow: 2 mL/min) and then eluted with a constant detector flow 

(1 mL/min) and decreasing cross flow (Figure 1). 

Stage Mode 
Time 

(min) 

X-Flow 

(mL/min) 

I Flush 2 2 

II Injection and Focus 8 0 

III Elution: 1. Gradient 20 2 – 0.1 

III Elution: 2. Gradient 20 0.1 – 0 

IV Elution: Flush 10 0 
 

 

Figure 1. Flow regime used for separation in the AF4/MALLS analyses. 
 

The molecular weight distribution of the polymers was calculated with the ASTRA 

software (version 4.90, Wyatt, Germany) based on the angle-dependent light scattering 

signals and the RI signals (RI signals were baseline corrected with the software Corona 

v.1.40), using the Debye fit model (5th order polynomial). The incremental change of the 

refractive index (dn/dc), which is needed to calculate the concentration at each elution 

time and thus the molecular weight, was determined in PBS at 25 °C by injection of 

different concentrations in the range of 0.2 mg/mL to 1 mg/mL to the RI detector. The 
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polymer size was calculated as z-average mean square diameters (DZ) and the 

molecular weight was calculated as weight averaged molar mass (MW). All 

measurements were carried out at least in duplicate and results are given as average. 

2.2.5 In Vitro Toxicity Experiments 

2.2.5.1 Hemolytic Assay 

Hemolytic assays with minor variations have been often described in literature.181-184 In 

this work, a hemolytic assay was performed in a 2 % (V/V) dispersion of red blood cells 

(RBC’s) in phosphate buffer saline (PBS, pH 7.4, osmolarity 310 mosm/L), according to 

a previously described principle.185 15 mL Human EDTA-blood from healthy donors was 

centrifuged ten minutes at 4000 rpm (~2000 g, Heraeus Labofuge 300). The 

supernatant was aspirated and the RBC’s were washed four times with PBS and 

subsequently centrifuged ten minutes at 4000 rpm to be afterwards diluted with PBS to ~ 

100 mL of a 4 % RBC dispersion (v/v).  

20 mg of the PGA-based polymer were dissolved each in 1000 µL PBS. 250 µL of the 

solution (5 mg accordingly) were added to Eppendorf® reaction vessels, containing each 

250 µL 4 % RBC suspension (carried out in triplicate). 200 µL of the remaining volume 

were diluted with 600 µL PBS and served as a reference solution in the photometer. The 

reaction vessels containing 2 % (v/v) RBC’s and 1 % (m/v) polymer were thereafter 

incubated for 1 h in an end-over-end shaker at 37 °C and 10 rpm and subsequently 

centrifuged five minutes at 6700 g (10.000 rpm, Minispin®, Eppendorf, Germany). RBC’s 

in pure PBS served as a negative control and a 2 % (m/v) solution of sodium dodecyl 

sulfate (SDS) instead of a polymer served as a positive control. The supernatant was 

aspirated after incubation and all sample supernatants were diluted with PBS (1:1).  

Hemoglobin absorption was measured spectrophotometrically on a Spekol 1200 using 

the Aspect Plus v1.5 software (Analytik Jena AG, Germany) in the absorption maximum 

at a wavelength of 415 nm against the reference solution. Hemolytic properties were 

described as the ratio of sample hemoglobin absorption compared to the total 

hemoglobin absorption of the SDS-solution, which had to be diluted with PBS (1:50). All 

measured absorptions were in a range between 0.2 and 0.8 (except of Kolliphor® P188 

control: A=0.1). Thus, a linear correlation of the absorption and concentration was 

expected.  
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2.2.5.2 In Vitro Cytotoxicity 

The cytotoxicity of the carbohydrates was investigated by the MTT assay. The polymers 

were dissolved in phosphate buffered saline (PBS) at stock concentrations of 

200 mg/mL and 20 mg/mL. The solutions were diluted 1:10 (v/v) with minimum essential 

medium (MEM) with Earl’s salt and phenol red (supplemented with 10 % FBS, sodium 

pyruvate solution, non-essential amino acid solution and gentamicin-glutamine solution). 

HepG2 cells (3 * 104 cells/well) were grown at 37 °C and 5 % CO2 atmosphere in a 96-

well plate in the same supplemented MEM. After 24 h, the medium was removed and 

100 µL of the polymer solution were added to each well. After incubation for 24 h or 

48 h, the supernatant was removed and cells were incubated with 100 µL solution of 

MTT (500 µg/mL) in indicator-free MEM medium without supplements for 3 h. Cells were 

lysed subsequently with 100 µL lysis medium (5 g sodium dodecylsulfate, 0.3 mL acetic 

acid and 49.7 mL DMSO) for 1 h and absorption was measured with a microplate reader 

(BMG Labtech Polarstar Omega) at 570 nm. Non-treated cells were used as a reference 

(negative control) and cells treated with 100 µL DMSO (30 % v/v in MEM) were the 

positive control. 

2.2.5.3 Cytokine Activation Assay 

Stimulation of inflammatory cytokines was investigated in human peripheral blood 

mononuclear cells (PBMCs). Heparinized blood was obtained from 3 healthy donors and 

PBMCs were isolated by density gradient centrifugation (2000 g, Heraeus Biofuge 

Stratos) in lymphocyte separation medium (LSM 1077). After washing with PBS, cells 

were resuspended in RPMI 1640 medium containing 10 % inactivated human serum 

from the same donor and seeded in a 24-well plate at a concentration of 5 * 105 cells per 

well. 10 µL of the carbohydrate polymer solutions (200 mg/mL in PBS) were added to 

the sample wells. 20 µL solution of lipopolysaccharide from Escherichia coli (LPS, 

1µg/mL) were used as positive control and 10 µL PBS as negative control. RPMI 1640 

medium containing 10 % inactivated human serum was added to the wells to give a total 

volume of 1 mL per well and the cells were incubated at 37 °C in a 5 % CO2 

atmosphere. After incubation for 4 h or 24 h, supernatants were aspirated, centrifuged 3 

minutes at 18,500 g (Hettich Mikro 200R) and immediately frozen in liquid nitrogen. Cell 

viability was checked after 4 h and 24 h by Trypan blue exclusion and was found to be 

> 95 %. Inflammatory cytokines (IL-1β, IL-6, IL-8, IL-10, IL-12p70 and TNF) were 

analyzed by a cytometric multibead assay using the BD CBA human inflammatory 
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cytokines kit and following the kit instructions. A 10-point calibration curve was 

measured between 20 pg/mL and 5,000 pg/mL. Measurements of the beads were 

performed on a BD LSR II FortessaTM Cell Analyzer on FL2 and FL3 channel using the 

FACS DivaTM Software and the results were analyzed using FCAP ArrayTM Software 

(Version 3.0). All measurements were performed with independent duplicates and the 

results are given as a mean of 3 different blood samples, each measured in duplicate. 

2.2.6 Multispectral Fluorescence Imaging 

2.2.6.1 Instrumentation and Specifications 

Multispectral FLI was carried out with the MaestroTM imaging system from Cambridge 

Research & Instrumentation Inc. (now: Perkin Elmer Inc., USA). It was combined with a 

small animal gas anesthesia system. The imaging system contained an internal 300 W 

xenon lamp as light source and suitable excitation light was created by the use of a 

bandpass excitation filter. The light was transferred by fiber-optics to the illumination 

module and the region of interest (ROI) was illuminated from four illuminator arms. 

Image magnification was adjustable by different table stages and the lamps were as well 

adjustable to ensure an optimum illumination of the ROI. The emitted fluorescence light 

was pre-filtered by a suitable longpass emission filter, which prevented bleeding of 

excitation light to the camera. An example of possible excitation and emission filter sets 

is given in Table 2 and an overview of the MaestroTM imaging system is presented in 

Figure 2. 

Table 2. Excitation and emission filter sets for the MaestroTM imaging system 
(selection) and the auto-exposure time of a nude mouse (due to autofluorescence). 

Filter set Excitation bandwidth Emission bandwidth 
Auto-exposure time 

(nude mouse) 

Green 503 nm – 555 nm 580 nm longpass ~ 400 ms 

Yellow 570 nm – 610 nm 645 nm longpass ~ 800 ms 

Red 615 nm – 665 nm 700 nm longpass ~ 1500 ms 

NIR 710 nm – 760 nm 800 nm longpass    5000 ms 
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Figure 2. Overview over the MaestroTM imaging system. Left: schematic illustration. 
1: CCD-camera with lens; 2: emission filter; 3: excitation light illumination module with 
four arms 4: small animal anesthetic mask with suction; 5: table with heated plate. 
Right: corresponding photograph of the imager with an anesthetized mouse. 
 

After having been pre-filtered by the emission filter, the fluorescence light passes a 

liquid crystal tunable filter (LCTF), before it is detected by a cooled (8 °C) 1.5 MP CCD 

camera as a 12 bit grayscale image. The LCTF was software-controlled and allowed the 

camera to acquire grayscale images at predefined wavelength steps. The step-

bandwidth was set to 10 nm in all experiments. The software (Maestro v. 2.10) 

calculated one single data file (“cube”) from the acquired 12 bit grayscale images, 

containing the complete spectral information for each pixel of the images. 

2.2.6.2 Cube Acquisition 

To keep the data manageable and to increase the signal intensity, the resolution of the 

cubes was decreased by a factor of 4 by software-summation of the fluorescence signal 

from each four pixels (binning 2x2). Thus, all images had a length of 696 px and a width 

of 520 px, which provided detailed images by a 4-fold decreased exposure time and 4-

fold decreased file size. The exposure time was always set automatically by the 

software before grubbing each cube to ensure highest possible data content without 

over-exposure. FLI was preferably done with fluorescent dyes emitting light > 700 nm, 
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because the autofluorescence of the mouse was lowest in that range of the spectrum, 

leading to a good signal-noise ratio (SNR). For the experiments with carbohydrates and 

polyglutamates, the NIR filter set was used. For the experiments with dual labeled 

HPMA copolymers, the red and NIR filter set were combined for acquiring one cube with 

two different filter sets successively. 

2.2.6.3 Data Processing and Fluorescence Image Extraction 

The information contained in the fluorescence image cube was analyzed using a library 

of previously recorded reference fluorescence spectra. Reference spectra of the 

fluorescence dyes in bi-distilled water, of the background and of the mouse 

autofluorescence were used. Thus it was possible to separate the dye-signal from the 

background and mouse autofluorescence (except for dual-labeled HPMA copolymers, 

cp. chapter 3.1.2, p. 30 ff.). Single spectral components were unmixed from the cube by 

the MaestroTM software based on the reference spectrum and were displayed in a 

grayscale “spectral component image”. These images could be merged in a “pseudo-

colored composite image” to display the distribution of several species in one image 

(Figure 3). For comparison of the spectral component images from different cubes, the 

images were displayed using the “compare images” tool of the MaestroTM software. 

Thus, a color profile could be chosen for better visualization and the influence of 

different exposure times could be eliminated. Further, a scale bar was exhibited 

correlating the image color with the measured fluorescence intensity using the “compare 

images” tool. Within this thesis all presented images with scale bars were created by 

spectral deconvolution and use of the “compare images” tool of the MaestroTM software. 

The “hot” color profile was chosen for better visualization of the grayscale image. The 

scale unit of the scale bars displayed in all fluorescence images within this work is 

“scaled counts / second”, a value which is calculated from the fluorescence counts by 

the MaestroTM software as follows:  

 bit depth  2

counts 1 1 1
scaled counts / s = * * *

2 exposure time (s) binning gain
 

A fixed bit depth (12 bit), binning (2x2) and camera gain (3) was used in all experiments. 

The measured fluorescence intensity in each image pixel could be extracted from the 

spectral component images by the MaestroTM software. Thus it was possible to display 

the time dependent change of the fluorescence intensity in graphs. Therefore, a region 

of interest was specified in the spectral component images either manually (the tumor 
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ROI in the tumor accumulation experiments) or automatically by setting a threshold 

(used for all whole mouse fluorescence intensity measurements). The intensity 

normalized by exposure time, binning and camera gain (scaled counts/s) as well as the 

area of the ROI was thereafter displayed by the software. These values were used to 

calculate normalized fluorescence intensities from the images, which are independent 

from the area and exposure time. Unless otherwise stated, these intensities were 

displayed in the graphs within this thesis. 

 

Figure 3. Illustration of the spectral deconvolution process of the fluorescence images 
based on previously recorded signal and autofluorescence reference spectra. The 
fluorescence image is deconvoluted into the dye signal component (1), background 
signal component (2) and autofluorescence signal component (3). Thereafter the 
component images can be merged and displayed as a pseudo-colored fluorescence 
image (4). This image is discussed in chapter 3.5.4, p. 93. 

2.2.7 In Vivo Experiments and Animal Care 

2.2.7.1 Animal Care 

All in vivo experiments complied with regional regulations and guidelines and were 

approved by the local authority in Saxony-Anhalt (Approval No. 203.h-42502-2-920 and 

203.h-42502-2-1186). Nude mice with albino background were used for the in vivo 

experiments as hairs would have scattered the light. All mice were kept under controlled 

conditions (12 h day/night cycle, 24 °C, 65 % relative humidity) in groups of 2-4 animals 

per box. For the imaging process, the mice were anesthetised with an initial dose of 
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2.5 % isoflurane for veterinary use (Forane®, Abbott) in oxygen at a flow of 2 L per 

minute and a continuous dose of 1.5 - 2.5 % isoflurane in oxygen at a flow of 2 L/min, 

which was individually adjusted to the reaction of each animal. During the anaesthesia, 

mice were placed on a tempered plate (35 °C) to avoid decreasing body temperature. 

2.2.7.2 Polymer Distribution and Elimination in Nude Mice 

The in vivo biodistribution experiments have been carried out in groups of four nude 

female mice (strain: SKH1-Hrhr, 2 – 4 month old). A total of 10 mg or 15 mg of each 

polymer-dye conjugate was dissolved in 1 mL isotonic sorbitol solution (5% m/m), 

respectively. The solution was sterile-filtered (0.2 µm Millex, Millipore, US) and 100 µL 

were injected into the tail vein of each mouse (n=4, 1 mg or 1.5 mg polymer per mouse, 

respectively). The injected polymer solutions were sterile, particle-free and isotonic and 

thus fulfilled the major requirements for parenteral preparations according to the 

European Pharmacopoeia.186 Mice were imaged, until the polymers were excreted 

(several days up to 3 month) at a table position 1C and lamp position 2 in the MaestroTM 

imaging system. The fluorescence image cubes were grubbed and processed as 

described in chapter 2.2.6, p. 19 ff. The total fluorescence intensity of the spectral 

component images was measured and analyzed (threshold set to 0). The highest 

measured intensity was defined as 100 % value and all other intensities were related to 

that. 

2.2.7.3 Tumor Accumulation in Athymic Nude Mice 

Investigation of tumor accumulation was performed in human xenograft colon carcinoma 

models (DLD-1 wild type and HT-29 wild type), which were inoculated in athymic nude 

mice, ordered from Harlan Winkelmann, Germany (Hs1Cpb NMRI-Foxn1nu, five weeks 

old, male). After two weeks of setting in period, mice were short term anesthetised using 

isoflurane and tumor cells suspended in 150 µL PBS were subcutaneously injected to 

the left (HT-29, 4-5*106 cells) and right (DLD-1, 4-5*106 cells) flank of the mice.c  

Mouse weight and tumor size was constantly measured (every 2-3 days) and the tumor 

volume (V) was estimated based on length (l) and width (w) using the equation 

according to the results of Euhus et al. and Tomayko et al.187,188: 

                                                
c
 Tumor cell culture and preparation of cell suspensions by Dr. Henrike Caysa and Dr. Thomas 

Mueller, Department of Internal Medicine IV, Oncology/Hematology, Martin-Luther-University 
Halle-Wittenberg, 06120 Halle, Germany 
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 2V l * w *
6

  

Polymer solutions were injected 18 – 20 days after tumor cell inoculation. The mice were 

randomized into two groups according to their tumor size 1-2 days before polymer 

injection. Thus comparable and homogeneous groups were guaranteed. The polymer-

dye conjugate solutions were intravenously injected to the tail vein (100 µL of isotonic 

sorbitol solution containing 1.5 % polymer, sterile filtered before injection). 

2.2.7.4 Autopsy and Ex Vivo Experiments 

Ex vivo FLI of autopsied organs is an interesting addition to the in vivo measurements. 

One mouse of each group of the in vivo biodistribution and elimination studies was 

sacrificed and autopsied one day after injection of the polymer solution to obtain a more 

detailed view on the organ distribution of the fluorescence signal. Relevant mouse 

organs were placed in a well-plate (24 wells) and imaged at table height 1C and lamp 

stage 2 in the MaestroTM imaging system.  

Contrary to previously published analyses of organ fluorescence intensities in a well-

plate,118,154 the fluorescence intensity was related with the respective organ areas after 

manual drawing of an appropriate ROI. The advantages of this method are averaged 

intensities within single organs and area-normalized intensities. In some cases more 

detailed organ images were required and certain organs were therefore imaged on a 

plastic plate at a higher magnification by adjusting the table height to 2-3. 

2.2.8 Therapy Study 

The therapy study was performed with a subcutaneous human colon carcinoma 

xenograft model (DLD-1) in 30 athymic nude mice, (Hs1Cpb NMRI-Foxn1nu, five weeks 

old, male). After two weeks of setting in period, mice were short term anesthetised with 

isoflurane and 5*106 cells were injected to the right flank. Mouse weight was measured 

daily and the tumor length and width was measured every second day for calculation of 

the tumor volume. Mice were randomized into five comparable groups (n=6 per group) 

based on the tumor sizes measured 14 days after tumor cell inoculation. An overview of 

the groups of the therapy study is presented in Table 3.  
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Table 3. Overview of therapy groups. Mice were randomized according to their tumor 
size 14 days after inoculation. Tumor sizes are given in cm3 as means ± SD, 6 mice per 
group. 

Group 
Tumor size  
in cm

3 Treatment description 
Concentration 
in mg / mL 

Free DOX 0.34 ± 0.17 
5 mg DOX-HCl per kg body weight 
= 4.69 mg DOX 

0.83 

DOX-HPMA 0.33 ± 0.13 
46 mg DOX-HPMA per kg body weight 
containing 10.2 % DOX (m/m) 
equivalent = 4.69 mg DOX 

11.5 

3x DOX-
HPMA 

0.33 ± 0.23 
138 mg DOX-HPMA per kg body weight 
containing 10.2 % DOX (m/m) 
equivalent = 14.07 mg DOX 

34.5 

HPMA 
Control 

0.33 ± 0.19 
41.3 mg HPMA per kg body weight 
(equivalent to the amount of HPMA in 
the DOX-HPMA group) 

10.4 

NaCl Control 0.34 ± 0.18 solution of 0.9 % sodium chloride - 

 

Treatment was started 16 days after tumor cell inoculation with the star-like HPMA 

copolymers (200 kDa). Injectable solutions were prepared in 0.9 % NaCl solution at a 

concentration yielding in 150 µL (“Free DOX”-group) or 100 µL (all other groups) 

injection volume for a 25 g mouse. The amount of injected volume was adjusted for 

each individual mouse depending on its weight, to assure the target-concentration of 

5 mg DOX per kg body weight. All solutions were sterile filtered (0.2 µm) prior to 

intravenous injection into the tail vein. The mice were continuously monitored during the 

study to evaluate the toxicity and tumor burden. A weekly dosing regimen was planned. 

The study was aborted for a group when individuals showed a tumor size > 2 cm3 or 

when severe toxicity occurred, necessitating the cessation of the experiment for ethical 

reasons. 

2.2.9 Histology 

The autopsied tumors from tumor bearing mice treated with dual-fluorescently labeled 

HPMA copolymers (OPB-spacer) were characterized after HE-staining by light 

microscopy. These tumors were axially bisected. Pieces of high and low drug model 

fluorescence were cut from the one half of the tumor, whereas the other one was left 

original. The pieces and the axial section were fixed in a solution of 4 % 

paraformaldehyde, embedded in paraffin and sliced with a Leica RM 2245 microtome 

(4 µm). The slices were placed on microscope slides, heated to 50 °C and dewaxed by 
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immersion (each five minutes) into the following solution series: Roti® Histol (twice), iso-

propanol, 96 % EtOH, 80 % EtOH, 70 % EtOH, 50 % EtOH, and bi-distilled water. 

Dewaxed slices were stained with haematoxylin (Dako REALTM) for one minute 

(subsequently immersed in tap water five minutes twice and rinsed with bi-distilled 

water) and eosin (0.1% in diluted acetic acid solution) for five minutes (subsequently 

immersed in bi-distilled water for 3 minutes, twice). Stained slices have been de-

hydrated by ascending alcohol series and permanently fixed with Roti®-Histokitt. The 

stained slices have been observed by light microscopy (Zeiss AxioLab microscope with 

Zeiss AxioCam color CCD camera and AxioVision software v.3.1.2.1, all Carl Zeiss AG, 

Germany), which allowed the observation of differentiated tumor structures. The 

histological characterization of kidney structures was realized following the same 

procedure with kidney cross slices. 

2.2.10 Confocal Laser Scanning Microscopy (CLSM) 

Confocal laser scanning microscopy is a widespread microscopic technique that allows 

measuring of focused and detailed fluorescence images with high resolution also from 

thick and light-scattering objects.189 It was used for various pharmaceutical questions in 

the recent years.190-192 CLSM imaging was carried out on a LSM 710 microscope (Carl 

Zeiss MicroImaging GmbH, Germany). Slices of freshly excised organs were prepared 

for the imaging procedure with a razor blade (app. 0.5 mm thick). Far red or NIR 

fluorescent dyes were excited with a 633 nm HeNe Laser (5 mW). The images were 

acquired using the ZEN 2009 software. As no excitation laser with longer wavelength 

than 633 nm was available, the fluorescence emission of the NIR fluorescent dyes was 

poor and it was thus impossible to measure NIR and far red fluorescent dyes 

simultaneously. However, NIR dyes could be measured alone by increasing the 

excitation laser power to 15 % (DY 676 was measured with 0.5% - 1%).  
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3 Results and Discussion 

3.1 HPMA Copolymers (OPB Spacer)
d
 

Polymer drug carriers based on N-(2-hydroxypropyl)-methacrylamide (HPMA) 

copolymers belong undoubtedly to the most intensively studied water-soluble synthetic 

polymers.127,193-196 Although various applications have been investigated,197 most HPMA 

polymer drug conjugates were studied for the treatment of cancer, with a special focus 

on the site-specific delivery of cytotoxic and anti-inflammatory agents into tumor tissues 

or cells.127,195 The potential of the polymeric prodrugs, especially those intended for 

treatment of solid tumors, could be significantly improved by increasing the molecular 

weight (Mw) of the polymer carriers.198,199 Sufficiently high Mw of the polymer carrier is 

supposed to cause passive accumulation of the polymer drug conjugate in solid tumor 

tissues due to the EPR-effect.67,71 

Although efficient passive tumor accumulation of polymer drug conjugates is a 

prerequisite for tumor-targeted therapy, the efficacy of the treatment is also dependent 

on tumor specific drug release. Various conjugation strategies have been developed to 

increase the tumor specificity of polymer drug conjugates, leading to an enhanced 

efficacy and reduced toxicity of the polymer conjugate prodrugs.127,200,201 The most 

common ones are hydrazone spacer or acetal spacer for pH sensitive release,202-205 

disulfide spacer for reductive release206,207 and peptide spacer for release by tumor-

specific enzymes like cathepsin B208,209. In the last decade it has been demonstrated that 

synthetic conjugates based on HPMA copolymers containing the cytotoxic drug 

doxorubicin (DOX) bound via pH-sensitive and hydrolytically degradable hydrazone 

bond are highly potent drug-delivery systems for chemotherapy.205,210 These DOX-

containing conjugates were stable in aqueous solution at a physiological pH of 7.4 but 

the drug was rapidly released in buffers at pH 5 - 6.5, simulating acidic pH in 

endosomes and lysosomes of cancer cells. Later on, high-molecular-weight (HMW) 

HPMA copolymer drug conjugates with branched, grafted or star-like architecture and 

                                                
d
 These results have been published: 

Hoffmann S, Vystrčilová L, Ulbrich K, Etrych T, Caysa H, Mueller T and Mäder K. Dual 
Fluorescent HPMA Copolymers for Passive Tumor Targeting with pH-Sensitive Drug Release: 
Synthesis and Characterisation of Distribution and Tumor Accumulation in Mice by Non-invasive 
Multispectral Optical Imaging. Biomacromolecules 2012; 13(3): pp. 652-663. 
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with pH-sensitive drug release mechanism have been synthesized and tested for 

anticancer activity.211  

Polymers with star-like architecture arouse particular interest in biomedical applications 

and several structures have already been synthesized in the last decade.57,212,213 Higher 

molecular weights of such branched HPMA conjugates improved their therapeutic 

efficacy notably.199,214,215 This effect can be ascribed to higher accumulation of the 

polymers in tumor tissue due to the more pronounced EPR effect. However, the detailed 

in vivo fate of those drug delivery systems is not completely understood yet. Several 

studies were realized to elucidate the in vivo fate of polymeric drug delivery systems, but 

the use of imaging techniques as SPECT and PET allowed only an observation of the 

biodistribution for few hours to days, due to the short half-life of the used tracers.103,216,217 

In this work multispectral FLI has been used to follow the long term in vivo fate of 

several HPMA copolymer based drug delivery systems, which allowed long observation 

times up to several months. 

3.1.1 Synthesis of Dual Fluorescent HPMA Copolymers with 
pH-Sensitive Drug Release (OPB-Spacer) and 
Physicochemical Characterizatione 

Two different structures of HPMA-based polymer drug carriers have been synthetised: a 

linear structure with a molecular weight of ~30 kDa and a star-like structure of ~200 kDa 

(Table 4).  

Table 4. Characteristics of HPMA precursors and conjugated polymers. 

Architecture 

HPMA precursors Dye content (wt. %) 

MW (Da) MW /MN RH (nm) DY-676 DY-782 

Linear polymer 27,200 1.74 4.3 1.6 0.7 

Star-like polymer 186,000 1.76 12.7 1.4 0.7 

 

The high molecular weight (Mw) fulfilled the prerequisite criteria for enhanced 

accumulation of the polymers in solid tumors due to the EPR effect.218 The elimination of 

                                                
e
 Synthesis of polymers, all physicochemical characterizations and in vitro release experiments: 

Institute of Macromolecular Chemistry AS CR, v.v.i., Heyrovský Sq. 2, 162 06 Prague 6, Czech 
Republic (T. Etrych and L. Schindler, née Vystrčilová). 



3 Results and Discussion    HPMA Copolymers (OPB Spacer) 29 

these polymers is considered to be notably different because the linear structure has a 

molecular weight below renal excretion threshold, whereas the star-like structure cannot 

be excreted by the kidneys. Two fluorescent dyes with different emission wavelength 

maxima in the near-infrared (NIR) and far red (FR) part of the spectrum were coupled to 

HPMA copolymer precursors. The general structures of the used polymers are 

presented in Scheme 3. Using NIR and FR fluorescent dyes allowed to obtain 

information about the distribution also from deep tissues like liver, spleen and kidneys in 

the following imaging experiments.146 The FR-fluorescent dye DY-676 was conjugated 

with the polymers via a pH-sensitive hydrolytically degradable hydrazone bond and 

served as a pH-dependent cleavable drug model. 4-(2-oxopropyl) benzoic acid served 

as a spacer between the polymer and the releasable dye. The NIR-fluorescent dye 

DY-782 was conjugated with the copolymer carrier backbone via a noncleavable 

hydrazide bond to serve as a noncleavable polymer label. A detailed description of the 

polymer synthesis has been described in the literature.219 

 

Scheme 3. Structures of linear (A) and star-like (B) HPMA copolymer-dye conjugates. 
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The cooperation partners determined molecular weights, polydispersity and 

hydrodynamic radii by GPC / HPLC Shimadzu system equipped with UV-VIS (Shimadzu 

SPD-10AVvp), refractive index Optilab-rEX and multi-angle light scattering DAWN EOS 

detectors (both Wyatt Technology Co). The eluent was 0.3 M sodium acetate buffer pH 

7.4 for the Superose 6 HR 10/30 column and methanol - sodium acetate buffer (80:20 

v/v) for the TSKgel G4000SWxl column; flow-rate 0.5 mL/min. The total content of the 

dyes in polymer conjugates was determined spectrophotometrically on a Helios  

spectrophotometer (Thermochrom). Molar absorption coefficients of the DY-782 (ε782 = 

170 000 L mol-1 cm-1 (ethanol)) and DY-676 (ε676 = 180 000 L mol-1 cm-1 (ethanol)) were 

used to calculate the dye content. The Rh of the polymer coil of the star-like polymer 

precursor in aqueous solution was 3-fold higher than that of the linear polymer precursor 

(Table 4). The molecular weights and hydrodynamic radii were determined from the 

polymer precursors (non-conjugated polymers), as a determination of these values was 

impossible with the final conjugated polymers due to interferences of the fluorescent 

dyes with the instruments laser.  

The principle of pH-dependent release of the cleavable drug model was proven in vitro 

at 37 °C.219 As expected, the drug model release was observed to be much higher at 

pH 5 than that observed at pH 7.4 (76 % of DY-676-OPB released within 1 h at pH 5 in 

comparison with only 12 % released in a buffer of pH 7.4). There was no significant 

difference observable in the release rates from the carriers differing in polymer 

architecture. There was no hint for any release of the polymer chain label DY-782 during 

the incubation of the conjugate in the buffers, proving the stability of the hydrazide bond 

between DY-782 and the polymer carrier in vitro.  

3.1.2 Optimization of Measurement Settings 

The absorption maxima of the fluorescent dyes used in this work differed by more than 

100 nm (DY-676 has an absorption maximum of 676 nm and DY-782 has an absorption 

maximum of 782 nm, the respective fluorescence spectra are red-shifted). Thus the 

resulting fluorescence spectra should be clearly separable by the instruments software. 

However, the fluorescence spectra of 2 µg/mL dye in PBS depended notably on the 

used instruments filter sets (Figure 4). The reason is based in the properties and 

sensitivity of the instruments tunable liquid crystalline filter. Furthermore, a bathochromic 

spectral shift of approximately 5 nm was observed when the dyes were bound to the 
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polymer. These shifts were too small to be analyzed by the software and this effect has 

neither been further investigated in detail nor considered in further analyses. 

An optimum separation and sensitivity for both dyes was found by using a combined 

measurement with “Red” and “NIR” filter sets (Figure 4). Unfortunately, when measuring 

a combination of both fluorescent dyes, it was impossible to subtract the 

autofluorescence from the measured fluorescence image, as the shape of the 

autofluorescence spectrum was too close to the combined spectra of both dyes to be 

separated by the underlying software algorithm (Figure 4C). The mouse 

autofluorescence is negligible in the NIR part of the spectrum, but in the following in vivo 

experiments it contributes about 5 % of the initial fluorescence intensity to the DY-676 

signal (measured after administration of 1 mg polymer). 

 

Figure 4. Fluorescence emission spectra from the drug model (A: DY-676) and the 
polymer label (B: DY-782) depended on the instruments filter set. The fluorescence 
image from a solution of both dyes (D) could be clearly separated into its spectral 
species using a combination measurement with the “Red” and the “NIR” filter set (C). 
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3.1.3 Biodistribution and Elimination in Mice 

HPMA copolymers are investigated for years in preclinical and clinical studies.127,194,195 

These polymers can be regarded as safe in experimental animal studies. Therefore, 

characterizations concerning the in vitro toxicity, safety and biocompatibility of the 

developed polymer conjugates are not addressed in this work. 

The use of two different fluorescent dyes in combination with multispectral FLI allowed 

non-invasive characterization of the accumulation of the polymer carriers and of a pH-

sensitive bond-coupled fluorescent drug model at the same time. Thus it was possible to 

obtain simultaneous information on biodistribution and elimination from both, the drug 

model and the carrier backbone from the polymers. The biodistribution was investigated 

after intravenous administration of 1 mg polymer per mouse in groups of four nude 

female mice (SKH1-Hrhr, 2 – 4 month old). One mice of each group was sacrificed one 

day after polymer injection for a more detailed view on the biodistribution of the 

polymers in autopsied organs, whereas the other 3 mice were constantly imaged over a 

period of 80 days. This long observation time is clearly an advantage compared to other 

studies that were limited to few hours.103,216,217 The fluorescence image cubes were 

processed as described previously (cp. chapter 2.2.6.3, p. 21). Typical intensity 

weighted fluorescence component images are presented in Figure 5.  

 

Figure 5. Distribution of the cleavable drug mode (left) and the HPMA copolymers 
(right) in mice six hours after i.v. administration of 1 mg linear HPMA (30 kDa) or star-
like HPMA (200 kDa) in abdominal (top) and dorsal (bottom) images. Arrows mark 
bladder (black), kidneys (white) and intestine (blue). 
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After injection, both polymers immediately distributed all over the mouse body. Already 

five minutes after injection, an intensive fluorescence signal from both dyes (polymer 

label and cleavable drug model) was detectable in the bladder, indicating renal 

elimination. In case of the star-like HMW polymer the bladder fluorescence could be 

ascribed to the small portion (up to 15%) of semitelechelic polymer, which was not 

grafted to the central dendrimer core. After two hours, an intensive signal of the drug 

model was detectable from the intestine. As there was no signal for the polymer-

attached fluorescent dye (DY-782) from the intestine, it can be concluded that the drug 

model is quite rapidly splitted off the polymer and that it is excreted via hepatic and renal 

elimination pathways. Interestingly, there was no particular accumulation in liver and 

spleen detectable compared to other organs, which is a major advantage over most 

nanoparticulate drug delivery systems that often show very strong accumulation in liver 

and spleen due to uptake of the drug delivery systems by the reticulo-endothelial 

system.154,220,221  

Both polymers showed intensive accumulation in the kidneys already five minutes after 

injection. To exclude the possibility of a specific accumulation of the fluorescent dyes, 

three mice were treated with free DY-676-OPB and free DY-782 (control). Although a 

slight kidney accumulation was observed during the first hours due to excretion of the 

dyes, both dyes were rapidly excreted and the fluorescence intensity decreased to the 

autofluorescence level of the mice within 26 hours. It can be concluded that the kidney 

accumulation is likely a property of the investigated HPMA copolymers. Kidney 

accumulation was already previously observed for various other HPMA 

copolymers.216,217,222 No mouse showed any pathologic effects from this accumulation. 

Interestingly, in dorsal images a polymer accumulation in kidneys was still observable, 

when the abdominal images did not show any accumulation in the bladder. This 

indicates a specific interaction between the polymer and the kidneys.  

The fluorescence intensity of the cleavable drug model decreased independently from 

the polymer architecture. 22 hours after injection the fluorescence intensity decreased to 

9.5 % of the highest measured intensity for the linear polymer and 12.3 % for the star-

like polymer. After 46 hours the signal decreased to about 5 % of the initial intensity, 

which is the autofluorescence level of the mice in this part of the spectrum (Figure 6). It 

can be concluded that the drug model was completely eliminated during two days after 

injection. Its elimination is controlled by the rate of its release from the polymer carrier 

during circulation. Interestingly, the fluorescence intensity of the polymer and drug 

model increased during the first hours after injection especially for the star-like polymers. 
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This could be explained either by a time dependent distribution into small blood vessels 

in the skin, which would result in higher fluorescence or by the possibility of quenching 

effects, when the drug model is bound to the polymer. The elimination of the drug model 

could be fitted for both polymers assuming a 1st order exponential decay. The calculated 

half-life was comparable for both polymers (0.3 days for both polymers, Figure 6). 

 

Figure 6. Elimination of the cleavable drug model (A) and the HPMA carriers (B) after  
intravenous administration of 1 mg polymer to healthy nude mice (n=3, the data 
represent means ± minimum and maximum values). 
 

An influence of the polymer structure on the body distribution was not detectable, but the 

elimination of the polymers was dependent on polymer architecture and size, as it had 

been observed in other studies.218,223 Whereas the fluorescence intensity of the non-

cleavable dye (DY-782) from the linear polymer decreased below 50 % of the initial 

intensity after one day (48.5 %), 14 days were required for the bigger star-like polymer 

until the remaining fluorescence intensity decreased below this value (48.4 %, Figure 6). 

As expected, the circulation time was much longer for the HMW star-like polymer. This 

can be explained by the much higher average molecular weight of the star like polymer 

(~200kDa) and the more rigid polymer skeleton. Whereas the smaller linear polymer is 

still below renal elimination threshold, the star-like polymer cannot be directly excreted 

by the kidneys. The elimination kinetic of both polymers could be fitted assuming a 2nd 

order exponential decay that might be explained with both possible elimination pathways 

for the HPMA copolymers: renal (mainly in the first hours after injection and for the small 

molecular weight fraction) and hepatic clearance of the polymer. As the synthesized 

HPMA copolymers are not biodegradable, a major influence of hepatic elimination can 

be assumed, especially for the star-like polymer. However, the star-like polymer is 

composed of several linear chains that are conjugated to a PAMAM dendrimer core via 



3 Results and Discussion    HPMA Copolymers (OPB Spacer) 35 

an amide bond that might be slowly degraded. The resulting linear chains would then be 

excretable by the kidney. This assumption is supported by the fact that the non-

cleavable polymer label was detectable in the mouse bladder 6 h after polymer injection 

due to a small proportion of semitelechelic polymers (cp. Figure 5). 

3.1.4 Ex Vivo Fluorescence Imaging: Extracted Organs 

One mouse of each group was sacrificed one day after polymer injection and the organs 

were extracted and fluorescence images of relevant organs were recorded and analyzed 

(Figure 7).  

At this time, the drug model fluorescence intensity decreased already to ~10 % of the 

initial intensity. Thus notable autofluorescence contribution to the drug model spectral 

component image needs to be taken into consideration. Further, it is obvious that dark 

colored organs with high blood content like liver, spleen and heart absorb more light 

from the drug model (DY-676) than the other organs. The difficult comparability of 

fluorescence images from differently colored objects seems to be an inherent 

disadvantage of FLI compared to other imaging techniques. However, the images reveal 

that both, drug model and polymer show increased fluorescence intensity from the 

kidney, which was not observable in the organs of a non-treated control mouse. The 

high intensity of the drug model in the kidneys may be measured due to excretion 

processes, but another possibility would be that the accumulated polymers do still 

contain conjugated drug model. 

Further, no clear difference in drug model or polymer biodistribution is observable 

between the two polymer architectures, which confirms the in vivo results. Apart from 

the kidneys, the polymer carriers distribute quite homogeneously in the mouse organs. 

Especially liver and spleen do not show a more pronounced uptake of the polymers 

compared to the other organs. Accumulation in liver and spleen is a major disadvantage 

of most nanoparticulate drug delivery systems. These often extensively accumulate in 

these organs after removal from the blood stream by the reticuloendothelial system, 

mainly by macrophages and Kupffer cells. This effect is undesired as it will lead to 

increased elimination and liver toxicity.220,221 It is a clear advantage of HPMA copolymers 

to evade the nonspecific uptake into the liver or spleen, which can be attributed to the 

small size and flexibility and also to the very hydrophilic properties.224,225 
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Figure 7. Pseudo-colored spectral component images of a fluorescence image from 
extracted mouse organs one day after polymer injection. A: mixed signal; B: drug model 
fluorescence signal; C: HPMA copolymer fluorescence signal. 
 

3.1.5 Characterization of Kidney Accumulation 

The biodistribution study in mice and the autopsied organs revealed a specific high 

intensity of the polymer bound fluorescence dye from the kidneys. This high local and 

specific fluorescence of the polymer label was still detectable after one week in vivo. To 
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enlighten the mechanism and the exact accumulation site, mice were injected with 1 mg 

of the polymers and the kidneys were extracted 22 h after injection to be imaged with 

the highest possible magnification (Figure 8).  

 

 

Figure 8. Fluorescence component 
images (grayscale) from the kidney 
of a mouse treated with 1 mg Star-
HPMA (200 kDa) in highest possible 
resolution. Left: drug model signal, 
right: polymer signal. 

 

Whereas detailed structures are visible from the red fluorescent drug model, the image 

resolution in the image from the NIR-fluorescent dye is coarse due to multiple scattering 

effects of NIR-light.146 It is visible that the drug model fluorescence comes from specific 

regions inside the kidney, whereas the polymer fluorescence seems to be more 

homogeneously distributed in the kidney. This observation was confirmed in transverse 

kidney slices, which were produced with a razor blade and had a thickness of 

approximately 0.5 mm (Figure 9). The fluorescence signal of the drug model is located 

in specific structures in the medulla. Otherwise, the accumulation of the polymers is 

located mainly in the cortex of the kidney. It is very unlikely, that the polymer shows a 

high fluorescence in the kidney due to excretion processes, because a corresponding 

high fluorescence signal from the bladder is missing in the in vivo images. Most 

probably, it could be ascribed to the interaction of polymer with the glomerular basement 

membrane in the cortex. Most likely, hydrazide groups of the polymer could interact with 

the highly anionic membrane, which is composed of a collagen based network 

containing laminin, entactin and proteoglycan (with high heparin and chondroitin sulfate 

content).226  
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Figure 9. Fluorescence images from cross slices of the kidney from mice treated with 
the linear (top) or the star-like (bottom) HPMA copolymer. Left: drug model fluorescence 
signal; middle: polymer carrier fluorescence signal; right: pseudo-colored composite 
image (blue: drug model; yellow: polymer carrier. 
 

Confocal laser scanning microscopy was done to confirm the MaestroTM imaging results. 

Fluorescence of the drug model was excited with a 633 nm HeNe-laser and measured 

at the emission range of DY-676 (639 nm – 758 nm). The polymer label could not be 

detected next to the drug model, as no laser with longer wavelength was available. The 

drug model was detected in specific structures in a central part of the kidney cross slice 

(Figure 10). 

The images of kidneys from mice treated with the linear or the star HPMA were 

comparable. Unfortunately, the instrument set-up of the used confocal laser scanning 

microscope did not allow analyzing the sample with light microscopy. To compare the 

structures found in the CLSM image with a microscopic view, kidneys from mice treated 

with the polymers were extracted, sliced, fixed in a solution of 4 % paraformaldehyde, 

embedded in paraffin, dewaxed and stained with haematoxylin and eosin. Using light 

microscopy, morphologically comparable structures could be observed and identified as 

medullary rays (Figure 11). 
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Figure 10. CLSM images of the drug model signal from kidney cross slices of a mouse 
treated with the linear HPMA copolymer conjugate (sacrificed one day after injection). 
Top: range-image of the slice (blue = no fluorescence, white = high fluorescence). 
Fluorescence is detected from specific central structures, most likely from the medullary 
rays. Bottom: pseudo-colored CLSM-image of fluorescent structures in the kidney. 
 

 

Figure 11. Kidney slices from a mouse that was sacrificed one day after injection of 
1 mg star-like HPMA copolymer conjugate. Left: CLSM-image of specific fluorescent 
structures. Right: HE-stained microscopy image with comparable structures. 
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The fluorescence of the drug model was unfortunately lost during the embedding and 

staining procedure. However, from the combined results of the fluorescence imaging 

and confocal laser scanning microscopy with light microscopy the following facts can be 

concluded: 

 The polymers accumulate in the kidney’s cortex, likely due to a specific 

interaction of the hydrazides with the glomerular basement membrane. 

 The drug model has already been cleaved from the polymer, as the fluorescent 

signals come from different parts of the kidney. 

 The drug model is located in the medullary rays, which may be a consequence of 

excretion and / or a dye-specific interaction with the sub-microscopic structures 

of the medullary rays. 

3.1.6 Tumor Accumulation Studies (In Vivo) 

Passive tumor accumulation using HMW polymeric drug carriers due to the EPR effect 

of tumor vasculature has been first described more than 25 years ago67 and is a well-

accepted approach today.71 Due to the long circulation time in healthy mice a 

considerable accumulation of the new HPMA copolymers in solid tumors was expected. 

The passive tumor accumulation is based on the enhanced permeability of some of the 

blood vessels and on the retention in the tumor tissue due to insufficiently developed 

lymphatic clearance from the tissue. The morphological blood vessel abnormality in 

tumors is based on the increased growth rate and hasty and non-physiological 

neovascularization in tumors.227 

3.1.6.1 Xenograft Tumor Models 

Well known and accepted models to investigate tumors in animal studies are xenograft 

tumor models.228 In these models, immunodeficient mice or any other immunodeficient 

animals are injected with human tumor cells, which grow in the host body and form solid 

tumors due to the lacking immune response. The principle was first reported in 1971.229 

Xenograft tumor models can be installed locally in an ectopic model (often non-

metastasizing) for instance by subcutaneous (s.c.) or intraperitoneal (i.p.) injection of cell 

suspensions or they could be installed at the site of tumor cell origin (orthotopic model) 

or they could be intravenously injected (systemic model). Ectopic models lack of realism, 

as the site of action is artificial and no metastasis occurs. Orthotopic tumor models are a 
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more realistic model, as the tumors metastasize and grow at a clinically more realistic 

site in the body.230-233 However, testing substances at this early stage in explorative 

experimental animal studies requires an easier model for better accessibility and 

comparability. For instance, the site of tumor growth and vascularization should be 

comparable and tumor size should be easily accessible. Therefore, s.c. tumor models 

have been chosen to be installed in immunodeficient nude mice. Athymic nude mice 

were chosen as they have no cellular immune response and the human tumors are 

grown in the mouse host body. Human xenograft colon carcinomas (DLD-1 and HT-29) 

have been successfully inoculated in athymic mice (Figure 12). These tumors are known 

to develop necrotic areas due to insufficient vascularization, including acidic 

microenvironment due to enhanced metabolism. In principle, two release mechanisms of 

the drug model could be discussed: First, an enhanced cleavage of the acid-sensitive 

hydrazone-bond locally inside the tumors due to the acidic microenvironment. The 

second possibility is the internalization of extravasated HPMA copolymer drug conjugate 

by the tumor cells.234 Intracellularly, the drug model could be cleaved in endosomes and 

lysosomes. Both processes should result in a local accumulation of the drug model in 

the tumors.  

 

Figure 12. Athymic nude mice which was subcutaneously inoculated with human colon 
carcinomas at the right (DLD-1) and left (HT-29) flank. 

3.1.6.2 Imaging of Tumor Bearing Mice 

The mice were randomized into two groups at day 19 after tumor injection according to 

their tumor size. The tumor sizes in both groups were comparable (Figure 13). 21 days 

after tumor cell inoculation, both dual fluorescent HPMA copolymers were intravenously 

injected at a concentration of 1.5 mg per mouse (n=3 per group). At this time the solid 

and palpable tumors had already a volume of 0.85 ± 0.22 cm3 (DLD-1) and 

0.55 ± 0.21 cm3 (HT-29). After six days a second dose of 1.5 mg polymer per mouse 
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was administered. Two days after the second injection all mice had to be sacrificed due 

to the tumor burden. At this time, the mice had lost about 10 % of their initial weight due 

to the tumor growth. The elimination kinetic of the polymers and the drug model from the 

mouse body was observed in abdominal mouse images and found to be identically with 

biodistribution and elimination studies in SKH1 mice. However, it was found that the 

drug model accumulated in the tumors for a much longer time, which was evident in a 

high local fluorescence in the tumors (Figure 14). 

 

Figure 13. The size of the subcutaneous xenograft tumors was comparable in both 
mouse groups (A: linear HPMA 30 kDa and B: star-like HPMA 200 kDa). Data 
represent means ± SD. 
 

 

Figure 14. Grayscale fluorescence spectral component images of tumor bearing mice 
two days after polymer injection. Upper row: Linear HPMA, lower row: star-like HPMA. 
The polymers and the drug model are specifically delivered to the tumors but also 
accumulated in the kidneys. 
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Nonetheless, the total amount of drug model remaining in the tumor was comparably 

small, which can be certainly ascribed to the rather fast cleavage of the drug model from 

the polymer backbone. Further, the remaining drug model fluorescence intensity 

depended on the tumor model and on the polymer (Table 5). Obviously, more drug 

model is accumulated in the tumor models, when the star-like polymer was used. Apart 

from both tumors, the drug model was completely removed from the mouse body two 

days after injection (Figure 15). It can be concluded that a certain amount of the drug 

model is retained specifically in the tumors, whereas it is rapidly eliminated from the 

mouse body. This effect may be exploited by multiple dosing of the polymer. For that 

reason a second dose of polymer was administered six days after the first injection. 

Furthermore, the drug model was often found to be non-homogeneously distributed 

within the tumor and accumulated in specific central regions of the tumor, especially in 

the DLD-1 model (Figure 16). Structural differences of the tumors may be discussed as 

a reason. Interestingly, the polymer seemed to be more homogeneously distributed 

within the tumor. This effect could be discussed as a more homogeneous distribution or 

as consequence of the lower resolution due to multiple scattering events. 

Table 5. Remaining drug model intensity 49 h after injection of 1.5 mg polymers 
compared to the initial drug model fluorescence (5 min p.i.). Data represent mean 
remaining relative intensity of the initial intensity ± SD. 

Tumor model Linear polymer (30 kDa) Star polymer (200 kDa) 

DLD-1 9.6 % ± 3.0 % 30.7 % ± 5.2 % 

HT-29 4.7 % ± 0.5 % (autofluorescence) 14.7 % ± 1.1 % 

 

 

Figure 15. Drug model signal (DY-676) 49 h after injection. A: tumor bearing control 
mouse without injection (= autofluorescence), B: mouse treated with linear HPMA, C: 
mouse treated with star-like HPMA. The signal from the mice decreased to 
autofluorescence with exception of the tumor area (DLD-1). 
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Figure 16. In vivo fluorescence component image of the drug model fluorescence from 
a mouse that was treated with the star-like polymer (24 h p.i.) The drug model 
fluorescence is non-homogeneously distributed within the tumor. 

3.1.6.3 Development of a Method for Tumor Accumulation Comparability 

For a better comparability of the tumor accumulation of the polymers and the drug 

model, it is not only necessary to compare the fluorescence images, but also to quantify 

the tumor accumulation in numbers. Therefore, a suitable method is required to extract a 

comparable value from the fluorescence images, describing the tumor accumulation. 

It is one of the major disadvantages of FLI that there is no reliable quantification 

approach. This is based on the fact that too many variables like scattering effects, 

absorption, quenching effects and others like the position of the mice in the imager 

influence the measured fluorescence intensity. Consequently, a comparison of the tumor 

accumulations is possible only using a relative approach. The measured fluorescence 

intensity can be extracted from the image cubes either for each specific wavelength, or 

for the complete spectrum that was recorded. Using the full spectral component 

fluorescence intensity seems to be more suitable, as the fluctuations in the spectrum 

(e.g. due to different polarity of tissues) are eliminated. Thus, the area of the tumor can 

be selected and the fluorescence intensity measured from this area over the full 

spectrum can be extracted from the image. However, comparing these intensities 

between different mice is not advisable. For instance it is not guaranteed that the same 

amount of polymer circulated in each mouse. Although each mouse was injected with 

100 µL polymer solution, the amount reaching systemic circulation varies due to the fact 
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that a small proportion of the solution remains locally in the surrounding tissue of the 

injection site. 

Calculation of a Comparable “Tumor Accumulation Value” (TAV) 

A specific relative calculation method was developed to analyze and compare the tumor 

accumulation of the HPMA copolymers and the drug model. The average fluorescence 

intensity (I) in the tumor region was normalized by the tumor area and exposure time 

(texp) and referred to the average fluorescence intensity of the remaining mouse body, 

which was also normalized with exposure time and area.  

In detail, the TAV in this work is calculated as follows: 

proportion of fluorescence signal
Tumour accumulation value TAV = 

proportion of fluorescence area
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exp tumor

mouse tumor mouse tumor
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area * (I  -  I )
 

The calculated value is independent from the exposure time. It expresses in a 

comparable number, how much stronger the fluorescence in the tumor area is compared 

to the remaining mouse body. It is a more robust parameter than absolute fluorescence 

intensities, which are dependent on the amount of injected polymer and intensity 

variations within the tumor or mouse body. The basic principle of TAV calculation from 

fluorescence mouse images is presented in Scheme 4.  

The tumor region is determined manually, according to the border which is visible in the 

image. As the bright tumor also scatters light to the surrounding body, a systematic error 

source could be the underestimation of the tumor accumulation. On the other hand, the 

tumor tissue is rather bright compared to other tissues and thus reflecting more light, 

than for example the liver, which slightly overestimates the TAV. 

 



3 Results and Discussion    HPMA Copolymers (OPB Spacer) 46 

 

Scheme 4. Measurement principle for the calculation of the tumor accumulation value 
for the polymer and the drug model in mice. 

3.1.6.4 TAV: Comparison of Tumors and Polymers 

The calculated relative tumor accumulation (TAV) of both HPMA copolymers was 

comparable and not dependent on the polymer architecture (Figure 17). Interestingly, 

the detected tumor accumulation of the cleavable drug model was higher for the star-like 

polymer. Over the time, the tumor accumulation of polymers increased steadily (Figure 

18). For example, four hours after injection the TAV in the group of the linear polymer 

(30 kDa) was calculated to be 1.6 ± 0.10 in DLD-1 and it increased to 2.48 ± 0.7 during 

the next five days. This can be explained with the EPR effect: as the polymer is long 
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circulating in the blood a small fraction of could always be extravasated into the tumor 

and is retained there.  

 

Figure 17. TAV two days after injection of the first dose (A) of linear and star-like 
polymer and two days after injection of the second polymer dose (B). 
 

 

Figure 18. Time-dependent change of the TAV of the drug model and HPMA 
copolymers in DLD-1 and HT-29 xenograft model after administration of 1.5 mg linear 
(A and B) or star-like polymer (C and D) at day 0 and day 6. 
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The pH-sensitive coupled drug model (DY-676) showed a much stronger accumulation 

in the tumors, particularly in DLD-1, than the polymers (2 days after injection of the 

linear polymer 4.51 ± 0.40 for DLD-1 and 2.66 ± 1.30 for HT-29; two days after injection 

of the star-like polymer 7.20 ± 1.8 for DLD-1 and 3.48 ± 0.54 for HT-29). In opposite to 

the polymers there was an optimum drug model accumulation two days after injection 

and afterwards the TAV decreased, probably due to rapid elimination of the small 

molecule (Figure 18).  

It may be supposed that due to an acidic microenvironment in the tumors the drug 

model is cleaved in the tumors and can diffuse inside the tissue. However, after two 

days most of the cleavable dye was already excreted and the overall amount in the 

tumor was rather small (cp. Table 5, p. 43). Administration of a second dose of polymer 

after six days even led to increased tumor accumulation of the drug model, because 

there was still drug model retained in the tumor, whereas it was eliminated from the 

blood stream already. However, an even better accumulation is expected if the drug 

model is released slower in the blood stream since the accumulation of the polymer took 

much more time than the release of the drug model.  

Generally a better accumulation of the drug model can be observed in DLD-1 compared 

to HT-29. This may be ascribed to an increased growth rate of DLD-1 compared to 

HT-29 (cp. Figure 13, p. 42), which also results in a different tumor microstructure. The 

high tumor accumulation of the drug model after 49 hours (Figure 18) must be related to 

the low overall signal of DY-676 at this time (cp. Figure 6, p. 34). The images show that 

the drug model intensity in the mouse body at this time decreased to autofluorescence 

level already (cp. Figure 15, p. 43). While significant accumulation of polymer in tumors 

could be found after 12/24 h, in the same time interval more than 50-75% of drug model 

is already released. It is likely that the dye was cleaved before the polymeric carrier 

could accumulate in the tumor. Interpreting these results, an even better accumulation of 

the drug model is conceivable when the linker would be modified to be cleaved more 

slowly. Also, it is interesting that the polymer architecture seems to have no particular 

strong influence on the accumulation of the polymers in the tumor, but has an influence 

on the drug model accumulation. 
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3.1.7 Characterization of the Tumor Accumulation Ex Vivo 

3.1.7.1 MaestroTM Fluorescence Imaging 

The mice were sacrificed two days after administration of the second polymer dose due 

to tumor burden and the organs were immediately excised. At this time, the tumors had 

an average volume of 1.35 ± 0.23 cm3 (DLD-1) and 0.93 ± 0.20 cm3 (HT-29) and the 

mice had already lost about 10 % of their weight. Tumors and other selected organs 

were placed in a 24 well-plate and imaged using the MaestroTM imaging system with the 

automatic exposure function. Exemplary images are presented in Figure 19.  

 

Figure 19. Excised organs of exemplary mice treated with the linear or star-like polymer 
two days after second polymer injection and excised organs from a non-treated control 
mouse. A drug model signal (DY-676) is observable only from the tumors. 
 

The distribution of the polymer carrier fluorescence intensity in organs of tumor-bearing 

athymic nude mice was comparable to the distribution in organs of healthy mice (cp. 

Figure 7, p. 36). The fluorescence intensities were measured from the mouse organs of 

all mice and normalized with its area and exposure time. The drug model signal is 

almost exclusively detectable from both tumors whereas the polymer signal is also 

measurable in all other organs. 

 The results are in good agreement with the in vivo data and emphasize the high local 

accumulation of the drug model in the tumors. The relative distribution of the drug model 
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DY-676 is the same for both HPMA copolymers and thus independent on the polymer 

architecture. As it was already seen in the in vivo images, the highest drug model signal 

is detectable from the tumors, although the variability is rather high. The drug model is 

retained in the tumor tissue, whereas it is much more rapidly cleared from the blood and 

from other organs (Figure 20). 

 

Figure 20. Distribution of drug model fluorescence signals (A and B) and HPMA 
copolymer fluorescence signals (C and D) in mouse organs two days after the second 
injection of 1.5 mg polymer. All data are means ± minimum and maximum values. 
 

The small remaining fluorescence can be ascribed to the organ autofluorescence. The 

non-cleavable polymer label was detectable in all mouse organs. Strongest fluorescence 

signals were measured from both tumors, the kidneys and also from the liver. The 

fluorescence intensity from the liver might be even underestimated, because of the high 

absorption from this organ. Although NIR light has optimum tissue penetration, the 

fluorescence might be repressed here. In comparison with other nano-scaled drug 

delivery systems, the accumulation of HPMA copolymers in liver and spleen can be 

considered as small. Most nanoparticles and nanocapsules are opsonized and removed 
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from the blood stream leading to a very strong accumulation in liver and 

spleen.220,221,224,235  

For a more detailed view, the tumors were sliced and imaged in higher magnification. 

Whereas the polymer carrier seemed to be quite homogeneously distributed in the 

tumors, the drug model showed notably increased fluorescence in specific parts of the 

tumors, especially in the central regions (Figure 21). 

 

Figure 21. Drug model and HPMA copolymer distribution in axial tumor sections. 

3.1.7.2 Confocal Laser Scanning Microscopy 

Slices from the tumors were prepared by a razor blade (thickness app. 0.5 mm) and the 

drug model distribution was investigated by CLSM (Figure 22). The CLSM images were 

comparable for both tumor cell lines and both polymer groups. Diffuse fluorescent areas 

were observable next to non-fluorescent areas. It can be concluded that the composition 

of the tumor is not homogeneous, which influences the drug model distribution. 

However, no specific morphological structures could be detected, due to lacking 

brightfield overlay. 
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Figure 22. CLSM images of axial slices show fluorescent and non-fluorescent areas in 
the tumors (green pseudo-colored). Left: DLD-1 from linear HPMA group, right: HT-29 
from star-HPMA group.  

3.1.7.3 Histological Characterization 

For a more detailed microscopic characterization, small pieces from tumors were 

extracted (app. 2 x 2 mm) from regions of the tumor showing either high or low drug 

model fluorescence. These slices and a complete axial section of each tumor were fixed 

in formaldehyde, embedded in paraffin, sliced (4 µm), dewaxed and stained with 

haematoxylin and eosin and subsequently observed by light microscopy, which allowed 

the observation of differentiated tumor structures. Vital, living tumor cells are intensively 

red colored in the microscope images, as structures in cytoplasm are stained with eosin. 

Necrotic and fibrotic domains without living cells are not particularly colored by the 

staining and present themselves much brighter. Inside living tumor cells large blue 

colored nuclei are visible. In some images also blood vessels with erythrocytes, mouse 

fibroblasts and connective tissue or muscle cells are detectable, which differ from tumor 

cells in shape, size and color.  

Both tumors show necrotic fields of dead cells especially in their center, whereas living 

cells are more close to the border. Especially those slices from the tumors showing high 

drug model fluorescence (DY-676) had essentially more necrotic areas in the 

microscopic view than those having low fluorescence, which showed a much higher 

proportion of living tumor cells (Figure 23). A specific drug model accumulation in 

necrotic/fibrotic areas can be derived, which explains the non-homogeneous distribution 

of the cleavable drug model in the tumors. Particularly DLD-1 was characterized by 

widespread and frequent dead-cell areas in the center. These areas were smaller and 

less distinctive in HT-29, which can be explained with the increased growth rate of 

DLD-1 compared to HT-29 (cp. Figure 13, p. 42), leading to more insufficiently 
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vascularized areas. The different proportion of necrotic areas is likely an explanation of 

better drug model accumulation in DLD-1 than in HT-29 as well. 

As an enhanced accumulation of the drug model in necrotic areas of the tumors is 

observed, it might be supposed that the local microenvironment (a lower pH than in 

normal tissues)59,227 in these areas increased the rate of drug model release. On the 

other hand, this effect could be ascribed to the insufficiently developed lymphatic system 

in these areas, leading to an inappropriate drug model clearance from these tissues.236 

However, if a pharmacologically active cytotoxic agent was used instead of the drug 

model, it could diffuse into the tumor cells after it would have been cleaved from the 

polymer backbone and accumulated in these specific regions. 

 

Figure 23. Microscopic sections of the tumors from a mouse that was treated with the 
linear HPMA copolymer (30 kDa). A and B: region of low drug model intensity. C and 
D: region of high drug model intensity (arrows point to regions of living tumor cells). The 
small images show the drug model fluorescence signal of the respective tumor region.  
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3.1.8 Summary 

The distribution, elimination and tumor accumulation of HPMA copolymers conjugated 

with two fluorescent dyes was characterized in nude mice. In contrast to many previous 

studies, multispectral FLI enabled tracking the in vivo fate for several weeks and 

observing the distribution of the polymer and a conjugated drug model simultaneously. 

For that purpose HPMA copolymers differing in polymer architecture – linear and star-

like – were successfully coupled with two fluorescent probes with different emission 

properties by cooperation partners. A difference in the relative qualitative biodistribution 

in the body between the 30 kDa linear and 200 kDa star-like polymers could not be 

detected. The star-like polymer circulated much longer compared to the smaller linear 

HPMA copolymer. Although the synthesized polymers were not biodegradable, even the 

200 kDa star-like polymer was completely eliminated within 3 months. Comparable 

results have been observed already for 195 kDa poly (vinyl alcohol).237 A new 

calculation approach was developed to compare the accumulation of different polymers 

in tumors based on a reliable and reproducible method. The polymer carriers 

accumulated in the tumors as well as the cleavable drug model. The polymer 

accumulation was found to be quite slow. The time-dependent accumulation of the 

polymeric carrier emphasizes the importance of non-invasive long-term biodistribution 

and tumor accumulation studies. Moreover, the accumulation of drug model (cleavable 

dye) was smaller as it was already reported for doxorubicin in comparable HPMA 

copolymers.199,211,215 Most probably, this might be caused by the overlying fast rate of 

drug model release or additionally by a tumor cell line-dependent phenomenon. Low 

accumulation of HPMA copolymers was already reported for AT1 prostate cancer in 

rats,216 whereas very high accumulation of HPMA copolymer delivered doxorubicin was 

found in EL4 T-cell lymphoma in mice.211 These varying findings suggest a high 

influence of the applied tumor models, which should be further investigated. 

The in vivo data was confirmed by ex vivo imaging of the extracted organs. Histological 

characterizations demonstrated that the accumulation of the pH-sensitive releasable 

drug model is situated in local, necrotic areas of the tumors. It may be concluded from 

the data of the tumor accumulation experiments that not only the distribution of the 

polymer carrier plays a key role in delivery of the active drug to the tumors, but also the 

proper selection of the biodegradable spacer between polymer carrier and active drug. A 

much better accumulation of the drug model in the tumors is presumable when the 

release rate in blood is decreased.  
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3.2 HPMA Copolymers with Modified Release Rate
f
 

In addition to controlled delivery to tumors, specific local drug release from the polymer-

drug conjugate is important for an effective tumor therapy. Several biodegradable 

spacers for tumor-specific drug release have been studied for this purpose.58,111,196,201 It 

is supposed that the release rate of the drug from the polymer strongly influences the 

amount of active drug delivered in the tumor.  

This chapter enlightens the relationship between the structure of various pH-sensitive 

biodegradable spacers and the release rate of a fluorescent drug model conjugated to 

HPMA copolymers. The impact of the release rate on the tumor accumulation of both, 

the drug model and polymer carrier was investigated in tumor-bearing nude mice by 

non-invasive FLI. The already described polymer carrier structures were chosen: linear 

(~30 kDa) and star-like (~200 kDa) HPMA copolymers differing in molecular weight and 

architecture (cp. chapter 3.1, p. 27 ff.). 

3.2.1 Synthesis of Dual-Fluorescent HPMA Copolymers with 
Modified Release Rate of a pH-Sensitive Drug modelg 

Polymers containing several spacers have been synthesized and characterized in vitro 

by the cooperation partners in Prague.238 A clear influence of the chemical environment 

of the hydrazone bond on the release rate in neutral and acidic (pH 5) buffer was 

found.238 The polymers containing the most promising spacers (IPB: 4-isopropyl-4-

oxobutyric acid and PYR: 4-oxo-4-(2-pyridyl)butyric acid) were chosen to be investigated 

in vivo in tumor-bearing mice and to be compared with the previous results, which were 

obtained with polymers containing the drug model conjugated via the OPB-spacer (cp. 

chapter 3.1, p. 27 ff.). The main difference of the spacers is the variation in the structure 

close to the keto-group, which is necessary for the formation of the hydrolysable 

hydrazone bond (Scheme 5).  

                                                
f
 These results have been published: 
Chytil P, Hoffmann S, Schindler L, Kostka L, Ulbrich K, Caysa H, Mueller T, Mäder K and 
Etrych T. Dual Fluorescent HPMA Copolymers for Passive Tumor Targeting with pH-Sensitive 
Drug Release II: Impact of Release Rate on Biodistribution. J Controlled Release 2013; 172(2): 
pp. 504-512. 
 
g
 Synthesis of polymers, all physicochemical characterizations and in vitro release: Institute of 

Macromolecular Chemistry AS CR, v.v.i., Heyrovský Sq. 2, 162 06 Prague 6, Czech Republic 
(T. Etrych, L. Schindler (née Vystrčilová) and P. Chytil) 
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In vitro release experiments showed a descending rate of drug model cleavage when 

the methyl-group in the OPB-spacer was replaced by an isopropyl-group (IPB) or by a 

pyridyl-group (PYR). The most stable hydrazone showing no release at pH 7 and 

slowest release at pH 5 in the in vitro experiments was prepared by use of the PYR-

spacer. 

 

Scheme 5. Structures of spacers used to form the pH-dependent cleavable hydrazone 
bond in linear (L) and star-like (S) HPMA copolymers. 
 

The synthesis of the polymers followed the same principles for all spacers, leading to 

comparable dye contents and particle sizes of the polymers. It is in detail described in 

the literature.238 

3.2.2 In Vivo Characterization in Tumor-Bearing Mice 

Amongst the numerous synthetized polymers varying in the spacer structure between 

the polymer backbone and the drug model, those with the most interesting in vitro 

release profiles have been chosen to be characterized in vivo in tumor-bearing mice for 

comparison with the HPMA copolymers containing the OPB-spacer. The linear and star-

like polymers containing the IPB-spacer (L-IPB and S-IPB) and the PYR-spacer (L-PYR 

and S-PYR) were investigated. A set of polymers containing DOX as a spacer between 

the polymer and the fluorescent drug model would have been very interesting to be 

investigated in vivo. Unfortunately, they were not applicable for biological evaluation 

using FLI because of the very poor fluorescence of the drug model. This poor 

fluorescence was probably a result of self-quenching of the two fluorophores because 

they were located close to each other (DY-676 and DOX). The fluorescence of DOX 

itself below 600 nm made it inappropriate for in vivo FLI because of insufficient light 

penetration.144-146  



3 Results and Discussion   HPMA Copolymers with Modified Release Rate 57 

3.2.2.1 Biodistribution in Tumor-Bearing Mice 

The four conjugates with modified drug model release rate were investigated in the 

same human colon carcinoma xenograft tumor models and basically following the same 

procedure as described already for the HPMA copolymers containing the OPB-spacer 

(cp. chapter 3.1.6, p 40 ff.). Analyzing the tumor accumulation, the size of the xenografts 

should have a relevant influence, as more necrotic/fibrotic areas are supposed to be 

found in larger tumors. Therefore, tumor size should be comparable, because the EPR-

effect is more pronounced in later stages of tumor growth. The tumor sizes at the 

beginning of the experiment were comparable in all groups for DLD-1; HT-29 had a 

larger volume in the OPB-group (Table 6). 

Table 6. Tumor sizes and mouse weights in each mouse group one day before 
polymer injection. The data represent the means ± SD, n=3. 

Spacer 

Linear conjugates Star-like conjugates 

Volume of 

HT-29 (cm
3
) 

Volume of 

DLD-1 (cm
3
) 

Mouse 

weight (g) 

Volume of 

HT-29 (cm
3
) 

Volume of 

DLD-1 (cm
3
) 

Mouse 

weight (g) 

OPB 0.69 ± 0.34 0.92 ± 0.30 26.7 ± 1.2 0.64 ± 0.12 0.78 ± 0.12 26.0 ± 1.7 

IPB 0.21 ± 0.08 0.75 ± 0.20 28.7 ± 0.6 0.24 ± 0.05 0.73 ± 0.05 27.7 ± 2.5 

PYR 0.33 ± 0.13 0.57 ± 0.29 27.0 ± 2.0 0.34 ± 0.10 0.60 ± 0.17 27.7 ± 3.1 

 

The biodistribution and elimination of the polymers were observable from the 

fluorescence signal of the non-releasable polymer label (DY-782). No significant 

difference in the polymer distribution between all 3 linear and all 3 star-like conjugates 

was observed. This result can be explained with the same precursors, which were used 

for the synthesis of the polymer conjugates. All linear polymers had the same size of 

about 30 kDa and all star-like polymers had the same size of about 200 kDa. The 

distribution and elimination of the linear and star-like polymers is presented in lateral 

fluorescent component images of the non-cleavable dye DY-782 from one exemplary 

mouse of each group (Figure 24). The images demonstrate a specific accumulation of 

all polymers in the tumors over the observation period of several days. An initial 

increase of the fluorescence intensity could be observed for all polymers with star 

architecture. This effect was already discussed previously (cp. chapter 3.1.3, p. 32 ff.) 

and is likely to occur due to quenching effects when the drug model is still bound to the 

polymer. As this effect is not observable for the linear polymers, it may be discussed that 
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the close arrangement of semitelechelic HPMA conjugated with the fluorescent dyes in 

the star-like architecture leads to fluorescence quenching. The elimination and 

distribution of the releasable drug model was dependent on the deployed spacer. An 

overview of the lateral fluorescent drug model component images from an exemplary 

mouse from each group is presented in Figure 25.  

 

Figure 24. Polymer carrier distribution after injection of star-like (A) and linear polymers 
(B) containing different spacers (lateral images). A particular spacer-dependent 
difference in the biodistribution and elimination was not detected. 
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Figure 25. Drug model distribution after injection of star-like (A) and linear polymers (B) 
containing different spacers (lateral images). The elimination rate was found to be the 
highest for the OPB spacer and the lowest for the PYR spacer. 
 

A low rate of drug model release (PYR spacer) led to longer circulation, while a rapid 

release (OPB) resulted in a short body circulation time of the drug model. The tumors 

showed the highest fluorescence intensity for the polymers containing the PYR spacer, 

indicating that the highest amount of drug model was transported to the tumor. 

Independently from the spacer-design the drug model seems to be eliminated much 
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faster from the body with linear polymers compared to star-like polymers (Figure 25). 

This effect may be explained by a significant elimination by the kidney of the relatively 

short linear polymers that contained a conjugated drug model as a result of the smaller 

polymer size (30 kDa) below the renal elimination threshold.219,239 Using the MaestroTM 

software, it was possible to measure the fluorescence intensities from the tumor area 

(Figure 26).  

 

Figure 26. Relative fluorescence intensities of the drug model (DY-676) released from 
linear (A and B) or star-like (C and D) polymer architecture in both xenografts 
(normalized to tumor area). The data represent the means ± minimum and maximum 
values. 
 

The highest value is defined as 100 %. The fluorescence intensity decreased 

exponentially for all linear polymers in both tumors, while it increased initially for all star-

like polymers (the initial fluorescence intensity is ~ 50 % lower than the highest 

measured intensity for IPB and PYR spacers after one day). This could be explained by 

a slower diffusion of the polymers into the small blood vessels of the skin or also by 

initial quenching effects, although these quenching effects were much less pronounced 

in vitro than the observed initial fluorescence increase in vivo. While linear polymers are 
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rapidly excreted by the kidney, star-shaped polymers circulate much longer; thus, there 

is more time for the extravasation and accumulation of the star polymer carriers in the 

tumor. 

The uptake of star polymers in the solid tumor (based on the EPR effect) lasts for a 

longer period of time than that of the linear polymers, achieving maximum accumulation 

somewhere between 12 and 48 h.211 The data in Figure 26 show the significant 

dependence of the pharmacokinetic of the accumulated drug model on the hydrolytic 

stability of the polymer-drug model conjugate. A more stable spacer enabled prolonged 

circulation of the entire conjugate and thus led to higher accumulation of the drug model 

in the tumor. This finding was observed for both linear and star-like structures, but it was 

much more pronounced with the long-circulating high-molecular-weight star-like 

polymers. 

3.2.2.2 Comparison of the Tumor Accumulation Value 

For a better comparison of tumor accumulation, the TAV was calculated, which 

expresses the ratio of fluorescence intensity in the tumor to the fluorescence intensity in 

the area of the mouse body (cp. chapter 3.1.6.3, p. 44 ff.). A high TAV value represents 

good accumulation, whereas a TAV of 1 indicates the same concentration within the 

whole body. The TAV of the polymers (polymer label DY-782) was comparable for all of 

the investigated polymers (Figure 27) and increased with time regardless of the spacer 

and polymer architecture to values between two and three. 

 

Figure 27. TAV of all polymers (non-releasable polymer label DY-782) in HT-29 (A) and 
DLD-1 (B). The data represent the means of n=3 per group. Error bars were omitted in 
these graphs for better perceptibility, but the variability was comparable in all groups. 
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Even only five minutes after injection the TAV is calculated to be slightly greater than 1, 

which is presumably not due to rapid tumor accumulation, but related to the more bright 

color of the tumor tissue compared to the mouse body. For both the linear and the star-

like polymers, the relative tumor accumulation (tumor to body ratio) seemed to behave 

similarly. Slow drug model release is therefore important because the accumulation of 

the polymers in tumors is time dependent. Nevertheless, the total amount of DY-782 in 

the tumors was in all cases higher when using star-like polymers, which can be 

explained by the overall higher clearance of linear polymers (cp. Figure 24, p. 58). The 

TAV of the drug model was also independent of the polymer structure but did depend on 

the tumor model and spacer deployed (Figure 28).  

Generally, a higher TAV was observed for DLD-1 compared to HT-29, most likely due to 

different tumor micro-environments (more acidic for DLD-1) or different tumor features 

like vascularization or the proportion of necrotic/fibrotic parts. This hypothesis was 

supported by the significantly increased number of necrotic areas, which were detected 

in the HE-stained histological slices of autopsied DLD-1 tumors compared to HT-29 

tumors (cp. Figure 23, p. 53). 

The highest TAV of the drug model in both tumor models was observed in conjugates 

with the OPB spacer. However, this did not directly translate to the greatest 

accumulation, as the TAV was high as a result of the negligible drug model levels in the 

blood stream (Figure 28 B). Obviously the TAV alone was not suitable for comparing the 

accumulation of the polymers containing different spacers, as it did not consider the 

absolute amount transported to the tumor (cp. Figure 26, p. 60). Similarly, the polymers 

containing the PYR spacer seem to be less effective when comparing the TAV values 

because of the high level of polymer-bound drug model still circulating in the blood, even 

after five days. However, a much higher level of drug model was also observed in the 

tumor, which can be ascribed to the time dependent polymer accumulation of polymers 

in the tumors still containing conjugated drug model.  

From the comparison of polymers differing in the spacer structure used for the drug 

model conjugation to the polymer carrier it can be concluded that stabilization of the 

hydrazone bond with suitable substituents like the pyridyl-group (PYR) results in a 

prolonged blood circulation and thus an enhanced tumor uptake of the drug model. This 

effect will most probably result in a significant increase of antitumor activity in the case 

of real drug application instead of a fluorescent drug model. Consequently, the TAV as a 
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value for relative quantification of the tumor accumulation needs to be related to the 

absolute amount of drug model transported to the tumors. 

 

Figure 28. TAV (A-D) and total amounts (E and F) of the drug model from all 
investigated polymers. The data represent means ± minimum and maximum values, 
n=3 (note different scaling of ordinates). 
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Despite the obvious advantage of a stabilized hydrazone bond, the application of 

polymer carriers with faster cleavable spacers could be improved by multiple dosing, 

exploiting the retention effect of the drug model. The fluorescence intensity of the drug 

model had strongly decreased in the OPB and IPB groups 5-7 days post injection. The 

mice of these groups were therefore re-injected with a second dose of 1.5 mg polymer, 

each. Consequently the TAV increased after the second injection (Figure 29). 

Interestingly, the inter-individual variability seemed to be smaller after the second 

injection. A markedly higher tumor accumulation value was observed 24 hours after the 

second injection, compared to one day after the first injection. This phenomenon can be 

explained by an exploited retention effect: as the drug model is retained in the tumor but 

rapidly removed from the blood when OPB or IPB were used as spacers, multiple dosing 

leads to increasing amounts of drug model in the tumors. Unfortunately the mice had to 

be sacrificed 1-2 days after the second injection due to the increasing tumor burden, and 

the findings could not be confirmed upon further dosing. Multiple dosing of the polymer 

conjugates must therefore be investigated in further studies using tumors with lower 

growth rates, which would allow longer experimentation periods. 

 

Figure 29. TAV of the drug model increases after the second injection for the HPMA 
copolymers with faster drug model release (A: OPB, B: IPB). The data represent the 
means ± minimum and maximum values, n=3 (note different scaling of ordinates). 

3.2.3 Ex Vivo Fluorescence Imaging of Autopsied Organs 

After sacrifice, relevant organs and subcutaneous tumors were extracted from all mice 

of each group and fluorescence was analyzed ex vivo. Exemplary fluorescence images 

of the drug model distribution after the injection of star-like HPMA copolymers containing 

the IPB-spacer (1 day after injection of the second dose) and PYR-spacer (8 days after 

injection) are presented in Figure 30. The drug model fluorescence signal was highest in 
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the tumors of all groups, whereas the polymer label fluorescence was highest either in 

the tumors or the kidneys. The organ distribution of the polymers was basically the same 

as described already for the polymers with OPB-spacers (cp. chapter 3.1.7.1, p. 49 ff.). 

The presence of the polymer carrier in the kidneys has been previously discussed (cp. 

chapter 3.1.5, p 36 ff.). 

 

Figure 30. Exemplary drug model fluorescent component image (DY-676) of excised 
organs from a mouse treated with 1.5 mg S-IPB-HPMA (A: one day after 2nd injection) 
or with S-PYR-HPMA (B: eight days after injection). Note the overall lower intensity 
eight days p.i. (1st injection) compared to one day p.i. (2nd injection). 

3.2.4 Summary 

The dual fluorescently labeled HPMA copolymers described in chapter 3.1 were 

modified using different spacers to increase the stability of the pH-sensitive hydrazone 

bond. The influence of the two most promising spacers on the body fate of the HPMA 

carriers and the drug model was investigated in tumor-bearing mice and compared with 

the results of the HPMA copolymers containing the OPB-spacer, which was quite rapidly 

cleaved.  

The results clearly demonstrate that the stability of the hydrolytically cleavable 

hydrazone bond in vivo strongly depends on its chemical environment. Conjugation of a 

pyridyl substituent (PYR) increased the hydrazone hydrolytic stability, which resulted in 

vitro in a decreased drug model release in buffers of pH 7.4 and 5.238 In particular, 

polymer conjugates containing the PYR spacer were very stable in blood, leading to a 

long circulation time for the drug model conjugate. A slow release of the drug model in 

the blood stream is an advantage because the polymer accumulation in the tumor is a 

slow process on a time scale over several days. The in vivo results demonstrated the 

clear correlation of a decreased drug model release rate and a higher amount of drug 
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model transported to the tumor, although this effect did not translate to an increased 

tumor accumulation value. However, tumor accumulation of the drug model could be as 

well increased by using conjugates with fast drug model release, by exploiting the 

retention effect by multiple dosing. As expected, the low clearance of the star-like 

polymer carriers from the body resulted in much higher accumulation in the tumors.  

In conclusion, the results of the study emphasize the importance of the combination of a 

high-molecular-weight polymer carrier with a proper spacer. An optimum release rate is 

a prerequisite for the successful design of polymer conjugates for the treatment of solid 

tumors. 
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3.3 HPMA Copolymers: Therapy Study
h
 

Based on the promising tumor accumulation studies with HPMA copolymers, a therapy 

study was planned and carried out with the star-like HPMA copolymer (200 kDa) 

containing pH-dependent releasable doxorubicin. DLD-1 was chosen as tumor model 

because of its chemotherapy resistance to doxorubicin and because of the higher 

accumulation of HPMA copolymers in this model in the previous experiments. 

Chemotherapy resistance means that an inhibitory effect on the tumor cannot be 

achieved in vitro with a concentration of the cytostatic agent that corresponds to human 

peak plasma levels. Treatment with DOX-HPMA conjugates has been already shown to 

be effective in EL4-T-cell lymphoma previously, but not yet in doxorubicin-resistant colon 

carcinomas.239,240 To keep the number of animals manageable, this study was focused 

on the star-like architecture. A conjugate of doxorubicin with the star-like HPMA 

copolymer (200 kDa) was synthetized by the cooperation partners in Prague. In vitro 

release studies demonstrated comparable stability of doxorubicin-DY-676 and DY-676-

PYR in pH 7.4 buffer and release in pH 5 buffer.238 This suggests a similar in vivo 

behavior of the therapy polymer and the dual fluorescent star-like HPMA containing the 

S-PYR spacer.  

Within this therapy study, five groups were compared (cp. Table 3, p. 25): One group 

was conventionally treated with doxorubicin at a concentration of 5 mg/kg body weight, 

as the maximum tolerated dose (MTD) reported for doxorubicin in mice ranges from 5-

10 mg/kg body weight.241-244 Two groups were treated with HPMA-DOX conjugates, one 

with an equivalent dose and the other with a 3-fold increased dose. The remaining two 

groups served as control groups. A weekly dosing regimen was planned, but the 

treatment was halted for groups showing severe toxicities (e.g. weight loss, atypical 

behaviour, pronounced skin reactions).The results of the therapy study are presented in 

Figure 31. Both control groups showed exponential tumor growth and no weight loss. 

With respect to the rapidly increasing tumor size and tumor burden these mice were 

sacrificed 36 days after tumor inoculation.  

                                                
h
 Polymer synthesis: Institute of Macromolecular Chemistry AS CR, Prague, Czech Republic 

(T. Etrych, and P. Chytil). Study design: Stefan Hoffmann in cooperation with the Department of 
Internal Medicine IV, Oncology/Hematology, Martin-Luther-University Halle-Wittenberg (H. Caysa 
and T. Mueller). Study realization: Stefan Hoffmann, T. Mueller and A.-K. Heinrich (Institute of 
Pharmacy, Martin-Luther-University Halle-Wittenberg). Data Evaluation: Stefan Hoffmann. 
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Figure 31. A: Injections during the therapy study. Tumors were inoculated at day 0. 
Therapy was administered once weekly taking toxicity into consideration. Only groups 
showing no severe toxicity or recovery from toxicity were re-treated in the next cycle. B: 
Tumor growth during treatment. Exponential growth can be observed for all groups but 
the DOX-HPMA group, which showed a stable mean tumor volume during the 
intensified therapy regimen (twice weekly) between day 40 and 55. C: Mouse weight 
was measured daily during therapy as one indicator for doxorubicin toxicity. The weight 
of the control groups did not decrease and is therefore omitted here. Interestingly the 
weight of the DOX-HPMA group did not decrease during weekly therapy, indicating low 
toxicity. All data represent means of six animals ± SD. 
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The “3x DOX-HPMA”-group and the “Free-DOX”-group showed marked toxicity, which 

led to cessation of the weekly planned dosing regimen after only one or two injections, 

respectively. The pronounced toxicity in the group treated with free doxorubicin is 

remarkable, as higher MTDs were reported in literature.241-244 Toxicity included atypical 

behavior, weight loss and doxorubicin-typical skin reactions and led to cessation of the 

experiment for the “3x DOX-HPMA”-group 13 days after one single injection only. The 

mice in the group treated with free DOX recovered within two weeks after the second 

injection, but due to cessation of the therapy an increasing tumor size was observed in 

this group, which led to the end of the experiment at day 44 without any further injection. 

Contrary to the “free DOX”-group, neither weight loss nor other signs of toxicity were 

observed in the group that was treated with the DOX-HPMA (equivalent doxorubicin 

dose) during the weekly dosing regimen. This effect can be explained by the lower 

amount of free doxorubicin circulating in the blood stream and the more local release of 

the active DOX in the tumor.  

The overall good therapy tolerance in the DOX-HPMA group led to a change of the 

dosing regimen to twice weekly (accordingly 10 mg/kg per week), which subsequently 

resulted in weight loss of the mice, but also in a stable tumor size (mean) in the 

doxorubicin-resistant colon carcinoma xenograft tumor model (Figure 31). However the 

individual therapy response was varying (Table 7). 

Table 7. Change of the tumor volume in cm3 of the mice treated with DOX-HPMA 
during 14 days of the weekly dosing regimen (from day 26 – day 40) and during the 
twice weekly dosing regimen (from day 40 – day 54). 

Mouse Day 26 Day 40 Day 54 

1 0.63 0.98 (+56 %) 1.15 (+17 %) 

2 0.79 1.01 (+28 %) 1.05 (+4 %) 

3 0.55 0.65 (+18 %) 0.51 (-22 %) 

4 0.35 0.40 (+14 %) 0.53 (+33 %) 

5 0.76 0.95 (+25 %) 0.76 (-20 %) 

6 1.13 1.64 (+45 %) 2.00 (+22 %) 

 

The tumors in the DOX-HPMA group grew slower than in the control group, which was 

treated conventionally with doxorubicin. The tumor volume distribution in both groups 

was not comparable, likely because the sample size of 6 animals per group is small. 

Thus the non-parametric Mood’s median test was used to demonstrate a statistically 
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significant difference between the DOX-HPMA group and the “free DOX” group 42 days 

after tumor cell inoculation (p=0.02) Although the tumor volume distributions are not 

comparable between both groups and the interindividual variation is high, the Mood’s 

median test and the tumor volume trend during the experiment (presented in Figure 32) 

suggests a superior efficacy of the DOX-HPMA. However, this result needs further 

confirmation with an increased number of animals, which would allow more powerful 

statistical testing. 

 

Figure 32. Tumor volume distribution within the DOX-HPMA group and the “free DOX” 
group 28 days (A) or 42 days (B) after tumor inoculation, respectively. A superior effect 
of the DOX-HPMA can be expected from the tumor volume trend. Boxes represent 
median, 1st and 3rd quartile; whiskers represent minimum and maximum; squares 
represent the mean. 

 

The results of the therapy study demonstrate an additional therapeutic effect of the 

DOX-HPMA copolymers. Compared to the same dose of free DOX, a reduced toxicity 

was observed and thus a higher dose could be administered. Considering the 

aggressive and fast growing doxorubicin-resistant tumor model, the results are likely to 

be even more impressive when sensitive tumor models or tumors with slower growth 

rate are used, which should be addressed in further experiments. 
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3.4 Carbohydrate Plasma Volume Expanders
i
 

Carbohydrates present to be a class of wide-spread polymers, which are 

pharmaceutically used for various purposes and in several dosage forms. Amongst 

many other applications, polymers from this class are used as additives in solid dosage 

forms like tablets and pellets, as gelling agents, and also as plasma volume expanders 

(PVE) for many years.245,246 Recently, carbohydrates have also been considered as 

building blocks for nanoparticles.247 In addition, carbohydrate drug conjugates of lower 

molecular weight have already been investigated.248 Hyaluronic acid (HA) has been 

intensively investigated as a high molecular weight carbohydrate for tumor therapy and 

some products have already entered clinical studys.249 HA-Irinotecan from Alchemia Ltd. 

(Australia) presents to be a promising candidate and is currently investigated in clinical 

trials (phase III).  

However, carbohydrate plasma expanders have not been considered for passive tumor 

targeting yet. In drug delivery, polysaccharide plasma expanders could be an interesting 

alternative to synthetic polymers and other carriers. Potential advantages include low 

cost synthesis, constant availability, a good safety profile, biodegradability and the long 

clinical use as plasma expanders. PVEs based on glucose monomers, like hydroxyethyl 

starch (HES) and dextran (DEX), are known to be well tolerated and biocompatible. High 

doses of these materials have been used in the clinic for decades.250,251 Currently there 

are several approved products commercially available, for instance HyperHES® 

(Fresenius Kabi), Venofundin® (B. Braun) and Vitafusal® (Serumwerk Bernburg). The 

production of these polymers is well established and possible in large scales under GMP 

conditions. Furthermore, HES is presently used to develop new drug delivery systems 

for parenteral application, for gene delivery, and it also attracted attention as commercial 

technology (HESylation®) to improve the solubility and to prolong the circulation time of 

certain active compounds.252-255 Recently, safety issues have been raised concerning 

the use of high-molecular-weight hydroxyethyl starches in certain severe diseased 

patients.256-258 However the difference in using HES as plasma volume expander 

(infusion of comparatively large volumes) or in tumor therapy needs to be taken into 

account. Three different high-molecular-weight carbohydrate PVEs have been 

                                                
i
 These results have been published: 
Hoffmann S, Caysa H, Kuntsche J, Kreideweiß P, Leimert A, Mueller T and Mäder K. 
Carbohydrate Plasma Expanders for Passive Tumor Targeting: In Vitro and In Vivo Studies. 
Carbohydr Polym 2013; 95(1): pp. 404-413. 



3 Results and Discussion    Carbohydrate Plasma Volume Expanders 72 

investigated: Hydroxyethyl starches of 200 kDa (DS 0.5) and 450 kDa (DS 0.7) and 

Dextran 500 kDa (HES 200, HES 450 and DEX 500). 

3.4.1 In Vitro Cytotoxicity and Immunogenicity 

As the polymers used in this study have been used in the clinic in high doses as plasma 

volume expanders, they can generally be considered as biocompatible and safe. To 

support this, cytotoxicity was assessed by MTT-assay in human hepatocellular 

carcinoma cells (HepG2) and the activation of important pro- and anti-inflammatory 

cytokines in human peripheral blood mononuclear cells (PBMCs) was measured. 

3.4.1.1 Cytotoxicity in Hepatocellular Carcinoma Cells (HepG2)j 

Cell viability was investigated by the MTT-assay in HepG2 cells after incubation with 

polymer solutions of 2 mg/mL or 20 mg/mL for 24 h or 48 h, respectively (Figure 33, 

n=16 each). Both concentrations are considerably higher than the initial blood 

concentration in mice in the following in vivo experiments (~ 0.8 – 1.4 mg/mL; cp. 

chapter 3.4.4, p. 79). 

 

Figure 33. Cell viability of human hepatocellular carcinoma cells (HepG2) after 
incubation with PVE polymer solutions after 24 h or 48 h, respectively. Data represent 
means ± SD, n=16. 
 

 

                                                
j
 Patrick Kreideweiß of the Institute of Pharmacy, Biochemical Pharmacy, Martin-Luther-
University Halle-Wittenberg is acknowledged for experimental realization. 
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Hepatocytes are a relevant model to look for cytotoxicity. Dose dependent liver 

deposition and histological alterations in the liver after repeated infusion of hydroxyethyl 

starches have been already reported.259,260 The viability of non-treated cells served as a 

negative control and was defined to be 100 %. Cells treated with dimethyl sulfoxide 

(DMSO) served as a positive control. No significant decrease of HepG2 cell viability was 

observed after the incubation for 24 and 48 hours, leading to the conclusion that the 

carbohydrate polymers used in this study do not show any non-specific cytotoxicity 

against HepG2 cells. 

3.4.1.2 Immunogenicity: Cytokine Modulation Assayk 

Lipopolysaccharides from various sources are known to be strong inductors of cytokine 

production. Therefore, all polysaccharide derived polymers for parenteral use should be 

tested for modulation of relevant cytokines, which are mainly produced by PBMCs after 

parenteral application of cytokine inductors. The plasma expanders used in this study 

were investigated for modulation of the production of six relevant pro- and anti-

inflammatory cytokines (IL-1β, IL-6, IL-8, IL-10, IL-12p70 and TNF) in human PBMCs 

after incubation for 4 h or 24 h. The cytokines were measured in cell culture 

supernatants by cytometric bead array flow cytometry (Figure 34).  

 

Figure 34. Cytokine concentration measured in cell supernatants of human PBMCs 
after incubation with PVE polymer solutions after 4 h or 24 h, respectively. Data 
represent means ± SD, n=3. 
 

 

                                                
k
 Anja Leimert of the Department of Anesthesiology and Critical Care Medicine, Martin-Luther-

University Halle-Wittenberg is acknowledged for experimental assistance. 
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The positive control (20 ng/mL LPS) showed a tremendous increase of the pro-

inflammatory cytokines (IL-1β, IL-6, IL-8, and TNF), whereas the concentration in the 

samples treated with HES 450 (2 mg/mL) was comparable to the non-treated control. 

The cell supernatants treated with HES 200 and DEX 500 showed a slightly increased 

cytokine concentration compared to the non-treated control, especially for IL-8, which is 

an activator of neutrophils and mediator of angiogenesis, but also binds to 

erythrocytes.261,262 However, the concentration of IL-8 in cell supernatants from the LPS 

treated control was much higher and exceeded the upper detection limit of 23,000 

pg/mL. IL-8 was also produced in the negative control (160 pg/mL ± 113 pg/mL). In 

consistency with numerous studies investigating the immunogenicity of hydroxyethyl 

starches, the polymers used in this study can be regarded as non-immunogenic.263-266 

3.4.2 Synthesis of NIR-Fluorescent Polymer-Dye Conjugates 

All three polymers were conjugated with a fluorescence dye as a preparatory step for 

the in vivo studies by FLI (cp. chapter 2.2.1.2, p. 13). An NIR fluorescent probe was 

chosen for conjugation because of good light penetration in the “optical window”, which 

provides information also from deep tissues.145,146 To form a stable and physiologically 

non-cleavable amide bond the polymers were amine-modified prior to dye 

conjugation.267 The principle reactions are presented in Scheme 6.  

HES 200 and HES 450 were activated with p-toluenesulfonyl chloride, using a modified 

method based on a previously described protocol.167 Dextran was activated with p-

toluenesulfonyl chloride in water, as the activation in DMF did not work for DEX 500 

because of insufficient solubility. Toluenesulfonyl chloride activation of alcohols in water 

has already been previously reported.168 Success of the reactions was monitored by 

1H-NMR in D2O after purification by dialysis and lyophilization (Figure 35 A). The 

substitution degree (DS) with toluenesulfonyl esters was determined to be about 2 % per 

anhydrous glucose unit (AGU) for all polymers by calculation of the peak ratio of the 

aromatic protons (δ=7.4 and δ=7.75) to the proton at the alpha-carbon atom (C1, δ=5-6) 

of the AGU.268 

area (7.4 ppm) + area (7.75 ppm)
DS [%] = 

4 protons * area (C1-proton peaks)
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Scheme 6. Modification of HES. 1: activation, 2: amine modification, 3: dye conjugation. 
 

In the following step, the activated polymer was exposed to 500-fold molar excess of 

ethylenediamine in a mixture of borax buffer/DMF (pH 9.5) to prevent cross-linking 

reactions. Reaction success was proven by the disappearance of the signal of aromatic 
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protons in the 1H-NMR spectra after sample purification. The succinimidyl activated 

fluorescence dye IRDye® 800CW-NHS ester was conjugated to the amine-modified 

polymers in bi-distilled water via an amide bond. The intermediate products and the final 

polymer-dye conjugates were purified by dialysis against bi-distilled water for 72 hours 

after each reaction step using a 3.5 kDa membrane. Although the molecular weight of 

IRDye® 800CW of 1.2 kDa (cp. Scheme 2, p. 12) is below the membrane threshold, the 

dialysis rate through the membrane was found to be very small in control experiments. 

Thus, after the last purification step, a proportion of free dye is still contained in the 

polymer. 

The proportion of free dye was determined to be 6 % for HES 200 and HES 450 and 

10.7 % for DEX 500 by analytical ultracentrifugation at 40.000 rpm and 20 °C (dye 

absorbance measured in an absorption maximum at 380 nm).l The poor permeability of 

the membrane for IRDye® 800CW was unexpected and did not occur for any of the other 

fluorescent dyes used in this thesis (cp. Scheme 2, p. 12). It might be explained with a 

hydrate shell or maybe dimer formation of the free dye. This effect was not further 

investigated as it was observed retrospectively, but however, it demonstrates the 

importance that one ought to be aware of appropriate controls when dialysis is 

performed as a product purification step. The amount of dye conjugated to the polymers 

was determined by fluorescence imaging (Figure 35 B). 

 

Figure 35. A: 1H-NMR spectra of toluenesulfonyl-activated HES 450. B: A linear 
calibration curve of the fluorescence signal from pure dye concentrations was used to 
determine the conjugation efficiency. 
 

                                                
l
 Hauke Lilie of the Institute for Biochemistry and Biotechnology/Technical Biochemistry, Martin-
Luther-University Halle-Wittenberg is acknowledged for performing the analytical 
ultracentrifugation and for data analysis. 
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The conjugation efficiencies were determined to be 90 % (HES 200), 80 % (HES 450) 

and 75 % (DEX 500). Besides the amine modification with ethylenediamine, HES 200 

was also modified using 1,8-octyl diamine and non-modified dextran 500 was also 

conjugated with the NIR-dye via an ester bond to serve as an ester control in the 

following in vivo experiments. 

3.4.3 Particle Size and Molecular Weight Distribution 

The particle size and molecular weight distribution were characterized for the three 

ethylenediamine modified polymers before and after modification. DLS measurements 

from unmodified polymers indicated a broad distribution of particle sizes (Table 8). The 

broad molecular weight distribution results were confirmed by AF4 measurements 

(MW/MN between 3.6 and 4.4, n=3). The results are summarized in Table 9. They 

indicate the presence of a fraction with lower molecular weight in all polymers 

(Figure 36). 

Table 8. Particle size and polydispersity of the carbohydrates obtained from DLS. DZ: 
z-average mean square diameter, PDI: polydispersity index, n=4. 

Polymer: HES 200 / 0.5 HES 450 / 0.7 Dextran 500 

DZ 18 nm ± 0.2 nm 24 nm ± 0.4 nm 33 nm ± 0.5 nm 

PDI 0.24 ± 0.01 0.29 ± 0.03 0.41 ± 0.02 

 

Table 9. AF4 results of the polysaccharide-based polymers. DZ: z-average mean 
square diameter; MW: weight-average molar mass; MN: number-average molar mass; 
MW/MN: polydispersity value. 

Polymer 

Non-modified polymers  
AF4 results 

Amine-modified polymers 
 AF4 results 

IRDye® 

800CW  

content 

(% m/m) 

DZ 

(nm) 

MW  

(kDa) 
MW/MN 

DZ 

(nm) 

MW  

(kDa) 
MW/MN 

HES 200 26 ± 2 230 ± 5 3.6 33.6 ± 5 128 ± 7 2.0 0.55 

HES 450 36 ± 1 383 ± 18 4.4 49.1 ± 5 623 ± 3 4.8 0.43 

DEX 500 50 ± 5 486 ± 38 3.6 75.5 ± 17 104 ± 10 2.0 0.37 
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Figure 36. Elution profile of HES 200 (A), HES 450 (B) and DEX 500 (C). The RI signal 
corresponds with polymer concentration. All polymers showed a broad molecular weight 
distribution D: Cumulative molecular weight distribution of non-modified HES 200, HES 
450 and DEX 500. 
 

Recently, asymmetric flow field-flow fractionation has been already used to characterize 

the molecular weight distribution of HES.179,268 AF4 has the advantage that the polymers 

are separated according to their size before they are detected in the light scattering 

detector. Therefore monomodal size distributions are measured at each point in time 

during sample elution, given that different molecules in one sample are separated due to 

different flow properties. This results in more precise particle size distribution results. By 

combining the angle dependent light scattering signal with the sample concentration, 

which is obtained from the RI signal, the molecular weight can be calculated.269 The 

incremental change of the refractive index (dn/dc), which is needed for correct 

calculation, was determined beforehand by injection of different polymer concentrations 

in the range of 0.2 mg/mL to 1 mg/mL to the RI detector. It was calculated to be 0.142 

mL/g (HES 200), 0.146 mL/g (HES 450) and 0.145 mL/g (DEX 500), which is in very 

good agreement with literature data.270 Generally, the z-average diameters measured by 

dynamic light scattering (n=4) were smaller than those determined by AF4, but the trend 
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that non-modified polymers with higher molecular weight have also a larger particle size 

was comparable for all polymers. 

The AF4 results show the influence of the syntheses on the molecular weight distribution 

of the polymers. Competing processes can be discussed as reason: First, degradation 

reactions are likely to occur during the amine-modification (pH~10). Especially DEX 500, 

which was reacted at 70 °C, showed a strong decrease of the molecular weight after this 

step. Secondly, the polymers can self-aggregate during the reaction which could explain 

the increased molecular weight of HES 450. Furthermore, using ethylenediamine, cross-

linking of molecules might occur, although 500 fold molar excess was used. 

Unfortunately it was not possible to determine the molecular weight distribution of the 

dye-conjugates by DLS and AF4/MALLS due to interferences of the fluorescence dye 

with the instrument’s laser (690 nm). However, the NHS-ester of the dye cannot lead to 

cross linking reactions and enhanced self-assembly of the molecules is unlikely due to 

the hydrophilic and highly negatively charged nature of the dye. Also, the AF4 elution 

profile was not altered compared to those of the respective amine-modified polymers 

(RI-detector) and therefore a significant change in the molecular weight distribution is 

very unlikely. The broad molecular weight distributions of the plasma expanders could 

generally be regarded as a disadvantage compared to synthetic polymers, which often 

have more narrow distributions and low polydispersity, provided that the synthesis is 

well controlled. On the other hand, polysaccharide based polymers are available at a 

very large scale at low costs and still could be further processed or fractionated to obtain 

polymers with narrow molecular weight distribution. However, the non-fractionated 

material was used in the experiments. 

3.4.4 Biodistribution and Elimination Studies 

The biodistribution of the conjugated polymers was investigated in nude mice by 

multispectral FLI. four mice of each group were injected intravenously with 1.5 mg 

polymer in 100 µL isotonic solution (sorbitol), which results in an initial blood 

concentration of 0.8 – 1.4 mg/mL (mouse weight: 20g-35g, blood volume (v/m): ~ 5.5 % 

of body weight271). The injected solutions were particle free, isotonic and sterile. The 

background signal and the autofluorescence of the mice were subtracted from the 

emitted fluorescence by the MaestroTM software and the total fluorescence signal was 

compared to the total initial fluorescence after injection. All polymers were detectable in 

mice for several days, whereas the fluorescence intensity from an ester of dextran 500 
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with the same dye (control) decreased to 3 % of the initial fluorescence intensity within 

one day (Figure 37). This was probably due to the rapid cleavage of the ester. No 

accumulation in the liver was observed after the injection of the dextran-ester, which 

leads to the conclusion that the rapid cleavage of the ester happened faster than the 

liver accumulation of dextran. 

 

Figure 37. Elimination of the PVE polymers can be observed by measuring the 
decreasing fluorescence intensity from the mouse body (data represent 
means ± minimum and maximum values. Dextran (ester): n=1, all others: n=3. 
 

Interestingly, the fluorescence signal of a HES 200 derivative decreased as fast as the 

ester control when 1,8-octyl diamine was used as spacer between the dye and the 

polymer instead of ethylenediamine, which leads to the conclusion that the chain length 

of the amine spacer is important for a stable conjugate. All polymers showed a rapid 

initial decrease of the fluorescence intensity that can be explained by the rather broad 

molecular weight distribution. The lower molecular weight fraction – below renal 

excretion threshold – is rapidly excreted with the urine, which is also evident in a strong 

bladder signal in the first hours after injection (Figure 38). HES 450 was excreted very 

slowly compared to the other polymers, which can be attributed to the higher molecular 

weight on the one hand and to the higher degree of substitution with hydroxyethyl 

groups (HES 450: 0.7/AGU; HES 200: 0.5/AGU) reducing enzymatic degradation on the 

other hand.272 Especially substitution at C2 and high substitution degrees are known to 
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slow down enzymatic degradation effectively.273 These results are in good agreement 

with a study in humans.274 

 

Figure 38. Representative in vivo images after injection of 1.5 mg polymer-NIR 
conjugate. Arrows point to bladder (blue), lymph nodes (black) and liver (white). The 
bladder signal indicates renal excretion. A particular liver accumulation can be observed 
for dextran only. 
 

The fluorescence intensity of HES 450 did not decrease below 5 % of the initial 

fluorescence intensity up to 22 days after injection. The elimination kinetics was not only 

dependent on the molecular weight distribution, but also on the structure of the 

polymers. Dextran 500 (DZ: ≈100 kDa) was slower eliminated than HES 200 (DZ: 

≈130 kDa), which can be explained on the one hand with the increased liver uptake and 

accumulation and on the other hand with the more branched structure of dextran. 

Dextran accumulated strongly and rapidly in the liver of the mice, whereas the 

hydroxyethyl starches were distributed much more homogeneously (Figure 38). All 

polymers – and especially dextran – accumulated also in regions of lymph nodes. 

Investigations of the autopsied organs of one mouse that was sacrificed one day after 

polymer injection confirmed the strong liver accumulation of DEX 500, whereas no 

particular accumulation of both hydroxyethyl starches was found (Figure 39).  

Liver accumulation is undesired in most cases as it will lead to increased elimination of 

the drug delivery system from the blood stream and liver toxicity.220,221 Liver 

accumulation of dextran was reported to occur due to structure-specific receptor 

mediated uptake into hepatocytes.275 In most cases liver accumulation of nano-scaled 

drug delivery systems can be explained by RES mediated uptake into the macrophages 
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and Kupffer cells in liver and spleen, which is dependent on the structure, size, charge 

and surface polarity of the particles.224,225,276 However, there is no strong difference 

between DEX and HES in these properties and RES uptake does not seem to play a 

key role here, which is also evident in the low fluorescence signal from the spleen. 

Compared with most nanoparticulate drug delivery systems, it is clearly an advantage of 

the hydroxyethyl starches not to accumulate excessively in the liver or spleen. This can 

be probably attributed to the very hydrophilic properties that prevent the recognition and 

removal from the blood stream by the reticuloendothelial system. Furthermore there is 

as well no particular accumulation of the polymers in the ovaries observable, which 

recently was reported for a variety of structurally different nanocarriers.155 The main 

difference between DEX and HES are the much higher degree of branching and that 

DEX is not substituted with hydroxyethyl groups.  

 

Figure 39. Ex vivo images of the autopsied organs from one mouse of each group one 
day after injection. For each image: 1 - fat, 2 - liver, 3 - heart, 4 - spleen, 5 - gallbladder, 
6 - lung, 7 - intestine, 8 - kidneys, 9 - uterus and ovaries. 

3.4.5 Tumor Accumulation Studies 

Previous experiments with synthetic HPMA copolymers suggested that EPR-based 

accumulation of polymers in colon carcinoma xenografts is time dependent in the scale 

of days (cp. Figure 27, p. 61). Due to the long circulation time and rather slow initial 

decrease of the fluorescence intensity, HES 450 was chosen as the most suitable 

candidate for a possible tumor targeted delivery. Human colon carcinoma xenograft 

bearing male athymic nude mice were prepared by subcutaneous cell suspension 

injection of HT-29 and DLD-1 cells to the right and left flank of three mice (cp. chapter 

2.2.7.3, p. 23). NIR-HES 450 (1.5 mg in 100 µL isotonic sorbitol solution, sterile) was 

injected into the tail vein of the mice 21 days after tumor cell inoculation. At this time the 
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tumors had a volume of 0.57 ± 0.18 cm3 (HT-29) and 1.05 ± 0.29 cm3 (DLD-1). The mice 

were imaged in vivo for the following 42 h and sacrificed afterwards with respect to the 

tumor burden. No particular difference in tumor accumulation between the two xenograft 

models was observed (Figure 40), which is in agreement with results obtained with 

HPMA copolymers (cp. Figure 27, p. 61).  

 

Figure 40. Representative time dependent in vivo images of a colon carcinoma 
xenograft bearing mouse after injection of 1.5 mg HES 450. Top (right flank): DLD-1, 
bottom (left flank): HT-29. Blue arrows point to the tumors and white arrows point to 
fluorescent lymph nodes. 
 

For a better comparability of the fluorescence images with previous results, the “tumor 

accumulation value” (TAV) was calculated (cp. 3.1.6.3, p. 44 ff.). Analyzing the TAV, a 

time dependent tumor accumulation of HES 450, which is independent from the tested 

xenograft model, was confirmed (Figure 41 A). With HES 450 at least a comparable 

tumor accumulation as described for 200 kDa HPMA copolymers (DLD-1: 2.02 ± 0.22 

and HT-29: 2.05 ± 0.11 after 49 hours) was achieved already after 42 h (DLD-1: 

2.69 ± 0.65 and HT-29: 2.90 ± 0.42). As the number of animals in this pilot study was 

small, this result needs further confirmation. All mice were sacrificed 42 hours after 

injection. Relevant mouse organs were extracted and imaged ex vivo to confirm the in 

vivo results and to investigate the distribution in mouse organs in more detail (Figure 41 
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B). Comparing the fluorescence intensity from the tumors with other autopsied mouse 

organs a specific high local accumulation in the tumors could be confirmed. 

 

Figure 41. A: A comparable tumor accumulation value was calculated from the images 
for both tumors. B: The fluorescence intensity measured from organs that were 
extracted two days after injection of HES 450. Data represent means ± minimum and 
maximum values, n=3. 
 

The highest fluorescence intensity was measured in both tumors, followed by liver, 

spleen and testes. The polymer presence in liver and spleen can be explained by a 

combination of non-pronounced and non-specific RES-uptake and the comparably high 

blood content of these organs. It could be discussed that the polymer-dye conjugate 

content in liver and spleen is even higher than displayed in Figure 41, as the high blood 

content absorbs much more light, than for example the tumor tissue. To minimize this 

effect, NIR light with good tissue penetration was analyzed.  

The high fluorescence intensity in the testes is interesting and cannot be explained and 

needs further detailed investigations. It was not yet observed in the previous 

biodistribution studies as female mice were used here. A high concentration of 14C-HES 

(165 kDa) in the testes of rabbits has already been reported after intravenous injection, 

but the mechanism has not been investigated so far.277 However, potential accumulation 

in testes should be investigated in more detail in further studies. The tumors were sliced 

and imaged for a more detailed estimation of the tumor targeting effect and to explore 

the distribution within the tumors. Apart from a stronger signal at the tumor rim (rim-

effect), the distribution of HES 450 in the tumors was rather homogeneous (Figure 42). 

A rim-effect in both colon carcinoma xenografts was already observed by MRI.278 It can 

be explained by various histological differences in the tumor structure compared to the 

central region.279  
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Figure 42. Ex vivo images of autopsied xenograft colon carcinomas from three mice 
two days after injection of HES 450. A homogeneous distribution is observable, apart 
from a bright tumor rim (rim-effect). 
 

The interesting tumor-targeting results with HES, combined with the already mentioned 

advantages of carbohydrate plasma expanders led to subsequent investigations with 

NIR conjugated HES as diagnostic polymer for the detection of tumors.280 For these 

studies HES 200 was used and the tumor accumulation was found to be comparable to 

HES 450.280 

3.4.6 Summary 

Polysaccharide-based polymers are an interesting alternative to synthetic polymers for 

polymer therapeutics or diagnostics. They are inexpensive and available in large 

quantities with a broad range of molecular weights and substitution degrees.247,248 It was 

demonstrated that these polymers are nontoxic to hepatocellular carcinoma cells 

(HepG2) and have low immunogenic potential, which is consistent with previous 

literature reports. All investigated polymers showed a broad molecular weight 

distribution, which presents a certain disadvantage compared to synthetic polymers. 

Amine modification had a notable effect on the molecular weight distribution, which 

should be further investigated. The highly cross-linked dextran exhibited a notably 

stronger accumulation in the liver compared to the hydroxyethyl starches. Moreover, 

dextran was excreted slower than the larger HES 200 (amine-modified polymers), which 

could be ascribed to the pronounced liver uptake. No specific accumulation in liver or 

spleen was found for the hydroxyethyl starches. This is an advantage compared to most 
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nanoparticles or nanocapsules, even when they are coated with hydrophilic polymers.154 

Based on the in vivo data in healthy mice, the most promising polymer (HES 450) was 

used to demonstrate the EPR-based passive tumor accumulation in human xenograft 

colon carcinomas. A comparable tumor accumulation was measured as it was found 

with HPMA copolymers in the same tumor models. These results emphasize the 

potential of polysaccharide-based polymers as contrast agents for solid tumor or 

metastasis detection or possible drug delivery systems for tumor therapy. They prove 

that passive tumor accumulation based on the EPR-effect is possible using this class of 

well-known polymers. 



3 Results and Discussion    Polymers from Glutamic Acid (PGA) 87 

3.5 Polymers from Glutamic Acid (PGA) 

Polymers based on poly-L-glutamic acid have been investigated regarding the design of 

polymer-drug conjugates for drug delivery for more than 20 years now.281,282 This class 

of polymers is biocompatible, biodegradable and the pendant carboxyl-groups provide 

reactivity for conjugation of active compounds. Therefore polyglutamates present to be 

an interesting alternative to HPMA copolymers, which are not biodegradable and thus 

limited to a molecular weight below the renal excretion threshold in the clinical setting.122  

In recent years, various PGA-drug conjugates have been synthesized and investigated 

particularly for the treatment of cancer.110,283-286 Although no market authorization has 

been approved yet, some of these conjugates made the leap from preclinical to clinical 

studies in the last decade. The most advanced candidate is Paclitaxel poliglumex 

(OpaxioTM, formerly XyotaxTM) from Cell Therapeutics Inc. (USA). Several clinical studies 

demonstrating the efficacy of Paclitaxel poliglumex have been published in the last 

years.287-292 In 2008, a marketing authorization application for OpaxioTM as a treatment of 

non-small cell lung cancer (NSCLC) has been submitted to the EMA.84 However, the 

application was withdrawn in 2009 due to concerns of the Committee for Medicinal 

Products for Human Use (CHMP) regarding the efficacy, release mechanism and 

product purity.131,132 Nonetheless, further studies with OpaxioTM in various cancers are 

made and recently OpaxioTM received the orphan drug designation for the treatment of 

glioblastoma multiforme (GBM) from the FDA.293 

Several structures of poly-α-L-glutamic acid have been synthetized by cooperation 

partners in València (Spain) using γ-benzyl-protected glutamic acid N-carboxyl 

anhydrides (NCA).m Detailed description of the synthesis conditions is not part of this 

thesis and therefore omitted here. The synthesized structures included linear and star-

like polymers as well as PEG-PGA di-block copolymers and PEG-PGA-PEG tri-block 

copolymers of different molecular weight. As the cooperation partners suspected 

micelle-formation of the tri-block copolymers, besides molecular weight distribution 

hemolytic activity has to be also investigated. The most promising polymers were 

chosen to be investigated in vivo for comparison with the HPMA copolymers and 

carbohydrate polymers described in previous chapters. 

                                                
m
 Synthesis of poly-L-glutamic acid polymers:  

Centro de Investigación Príncipe Felipe (CIPF), C/ Eduardo Primo Yúfera, 3 (junto 
Oceanogràfic), 46012 València, Spain (Fabiana Canal, Richard M. England and Maria J. Vicent). 
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3.5.1 Characterization of Molecular Weight Distribution 

After polymerization reaction the molecular weight distribution and thus the degree of 

polymerization of the benzyl-protected polymers was assessed with GPC by the 

cooperation partners. The de-protected polymers were analyzed by AF4 to confirm the 

molecular weight in aqueous solution after the de-protection reaction and lyophilization. 

The AF4 analyzes were carried out as described in section 2.2.4.2. The polymers were 

measured in PBS, simulating physiologically relevant pH and osmolality. As a 

simplification, a refractive index increment (dn/dc) of 0.180 was initially used for molar 

mass calculation. This value is in consistency with the values used for poly-glutamic acid 

in literature, were dn/dc values between 0.150 and 0.190 are  

reported.294-297 The four most promising polymers – all showing different structures, 

narrow mono-modal size distributions and a suitable molecular weight – were chosen for 

further characterization (structures are presented in Scheme 7).  

 

Scheme 7. Structures of the PGA-based polymers chosen for further characterization: 
A: a PEG-PGA di-block-copolymer (DB-PGA-150). B: a linear PGA (L-PGA-400). C: a 
star-PGA (S-PGA-200). D: a PEG-PGA-PEG tri-block-copolymer (TB-PGA-200). The 
numbers represent the theoretical average degree of polymerization (DP). 
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The precise dn/dc of these polymers was determined as described previously (cp. 

2.2.4.2, p. 15 ff.) by measuring the refractive index of different polymer concentrations 

(Figure 43 A). Thereafter, the AF4 chromatograms were reprocessed using the correct 

dn/dc. The mean molecular weight of the polymers and the precise dn/dc are presented 

in Table 10. 

Table 10. AF4 results of the PGA-based polymer chosen for further characterization. 
MW: weight-average molar mass; MN: number-average molar mass; MW/MN: 
polydispersity value; dn/dc: refractive index increment used for calculation. All 
measurements are means of independent duplicates (n=2). 

Polymer MW by GPC 
MW measured 

by AF4  
MW/MN dn/dc 

L-PGA-400 35 kDa 16 kDa 1.34 0.156 mL/g 

S-PGA-200 30 kDa 20 kDa 1.07 0.169 mL/g 

DB-PGA-150 24 kDa 25 kDa 1.14 0.147 mL/g 

TB-PGA-200 29 kDa 40 kDa 1.18 0.148 mL/g 

 

 

Figure 43. A: The refractive index increment was determined from the slope of 
measured RI from different polymer concentrations in PBS. B: A small proportion of 
Micelles were found for the PEG-PGA block-copolymers (DB-PGA-150 and TB-PGA-
200), which were characterized by a small RI signal (RI proportional to concentration) 
and a large light scattering signal (angle dependent LS proportional to size). 
 
The molecular weight determined by AF4 was notably smaller for most of the 

investigated polymers compared to the molecular weight predicted from GPC data. 

Conformation changes of the polymers in aqueous environment or polymer degradation 

during the de-protection reaction may be discussed as a possible reason for this effect. 
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Further, a second peak was detectable in the elugram of both PEG-PGA block-

copolymers (Figure 43 B). Elution time, high light scattering intensity and small RI-signal 

indicated the presence of a small proportion of large polymeric micelles. The particle 

diameters (DZ) were calculated to be about 80 nm for the TB-PGA-200 and about 

135 nm for the DB-PGA-150 using the particles mode of the software. Micelles could not 

be detected for the PGA-polymers without PEG. The micelle formation process could be 

explained by an intermolecular hydrogen bond core formed by the glutamic acid groups 

and the more hydrophilic PEG shell, although this was not further investigated. 

The elution profiles of the polymers chosen for further characterization indicated a 

narrow molecular weight distribution (Figure 44), especially in comparison with the 

molecular weight distribution of the carbohydrate plasma volume expanders (cp. Figure 

36, p. 78). The tailing effect of the L-PGA-400 and S-PGA-200 (Figure 44 A and B) can 

be explained by the presence of very small molecules below the MWCO of 5 kDa here, 

which are flushed out of the channel by the cross-flow. Thus, the average molecular 

weight analyzed by AF4 may be slightly overestimated. 

 

Figure 44. Elution profiles of PGA-based polymers. The polymers present a 
monomodal and narrow molecular weight distribution. 
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3.5.2 Hemolytic Activity Assay 

Assessing the hemolytic activity of the polymers was necessary prior to in vivo 

experiments with intravenous administration, as surface active properties of some 

polymers could be assumed from previous data. Formation of micelles was reported by 

the cooperation partners for the tri-block copolymers and also the AF4 data indicated 

formation of micelles from PEG-PGA block-copolymers. Thus surface active properties 

could be concluded at least for the PEG-PGA block-copolymers. As surface active 

substances might de-stabilize cellular membranes and thus promote hemolysis of red 

blood cells, all polymers intended for in vivo characterization were tested for hemolytic 

activity in a PBS solution of human RBCs. The polymers showed no significant influence 

on red blood cell hemolysis during 60 minutes compared to a control in PBS (Figure 45), 

indicating that intravenous administration will not lead to hemolytic anemia. 
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Figure 45. Hemolytic activity (H) of the polymers was calculated as a proportion of total 
hemolysis (measured after incubation with SDS) and was found to be in the range of the 
RBC control in PBS. Reference samples were incubated with commercial emulsifiers 
used in intravenous drug formulation (Kolliphor®). A: absorption, c: concentration, fDil: 
dilution factor, k: constant product of molar absorptivity (ε) and absorption path length 
(d), X refers to polymer sample and T refers to total hemolysis; data represent 
means ± standard errors (SE); n=3. 

3.5.3 Synthesis of NIR-Fluorescent PGA-Dye Conjugates 

As the polymers based on PGA presented a carboxyl group as reactive site, an amine 

modified NIR-fluorescent dye (DY-781-Amine) was chosen for amide bond formation. 

The polymers were activated with NHS or sulfo-NHS, which is a common and favorable 

activation method.298 sulfo-NHS is known to form more stable water-soluble activated 
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esters than NHS and was used for conjugation of L-PGA-400 and DB-PGA-150, to 

investigate whether or not there is a difference in the reactivity compared to the use of 

NHS, which was applied for the activation of S-PGA-200 and TB-PGA-200. Although the 

use of sulfo-NHS is reported to be preferable,298 no difference in reaction success was 

observed in this case which might be explained by the excellent water-solubility of the 

PGA-polymers. Thus, having polymers presenting good solubility in aqueous media, 

NHS can be used for activation instead of the much more expensive sulfo-NHS. The 

PGA-dye conjugates have been synthetized in water as described previously based on 

a commonly used method (cp. chapter 2.2.1.3, p. 14).298 The principle of the reaction is 

presented in Scheme 8.  

 

Scheme 8. Reaction of PGA-based polymers with an amine modified NIR-fluorescent 
dye after activation with EDCI and NHS or Sulfo-NHS. 1: activation reaction, 2: dye 
conjugation reaction. 
 

After purification by dialysis against water and subsequent lyophilization intensively 

purple colored and NIR-fluorescent polymer-dye conjugates were obtained. For the 
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interpretation of the following in vivo studies, the high molecular weight of the 

fluorescent dye in relation to the polymer molecular weight has to be taken into 

consideration (783 Da, cp. Scheme 2, p. 12) as it might affect the polymer 

biodistribution. Certainly, changing the properties of polymers may be discussed as a 

disadvantage of FLI. 

3.5.4 Biodistribution and Elimination in Mice: TB-PGA-200 

To evaluate the bio-compatibility and biodistribution of the synthetized fluorescent PGA-

based polymers, a first in vivo study was performed in four nude female SKH-1 mice. A 

reference spectrum of the DY-781-TB-PGA-200 conjugate was recorded previously in 

vitro with 1 mg/mL polymer solution. Each mouse was intravenously injected into the tail 

vein with 100 µL polymer solution (isotonic with sorbitol and sterile filtered) containing 

1 mg of the polymer. The fluorescence signal was observed in vivo for several days from 

three mice and one mouse was sacrificed and autopsied after one day for a more 

detailed view on the biodistribution ex vivo. Immediately after injection, a high 

fluorescence signal was detectable from the kidneys of all mice, indicating a specific 

local accumulation in the kidneys and renal elimination. Six hours after injection an 

accumulation was also detectable in the liver and in some lymph nodes. High specific 

fluorescence signals were also measured from certain bones, especially from the 

thighbone and lower leg in the region of the knee joint and from the spinal column. 

Representative images measured two days after injection of the polymer solution are 

presented in Figure 46. 

 

Figure 46. Biodistribution of the fluorescence signal in a mouse two days after injection 
of 1 mg DY-781-TB-PGA-200 conjugate. A high fluorescence signal could be measured 
from certain bones (marked by white arrows) and from the kidney (marked by blue 
arrows) and the liver.  
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A major part of the polymers was rapidly excreted. The fluorescence intensity decreased 

to 80 % of the initial fluorescence intensity within two days after injection (Figure 47 A). 

However, even 30 days after injection a very weak fluorescence signal was still 

detectable from the knee joints. The autopsied organs from a mouse that was sacrificed 

one day after polymer injection confirmed the in vivo observations (Figure 47). Highest 

fluorescence intensity was measured from the kidneys, but also the knee joint showed a 

high local and specific accumulation of the PEG-PGA tri-block-copolymer. 

 

Figure 47. A: Elimination curve of TB-PGA-200. The fluorescence signal decreased by 
80 % within the first two days after injection indicating a rapid excretion of the polymer. 
B and C: Organs and the leg without skin of a mouse that was sacrificed and autopsied 
24 h after polymer injection. A high accumulation in the kidneys and in the bones at the 
knee joint is confirmed. 

3.5.4.1 Ex Vivo Characterization of Kidney Accumulation 

The kidneys of a nude female mouse (SKH-1) were extracted 24 h after injection of 

1 mg TB-PGA-200 in 100 µL isotonic sorbitol solution to investigate the kidney 

accumulation in more detail. MaestroTM images of axial kidney sections (freshly prepared 

by razor blade) suggested an accumulation of the polymer-dye conjugate especially in 

the kidney cortex (Figure 48). These findings were confirmed by CLSM. Fluorescence 

spectroscopy revealed a second emission maximum of the NIR-fluorescent dye at 

708 nm at an excitation wavelength of 633 nm (measured with a Jasco FP-8200 

fluorescence spectrometer). Although the quantum yield was poor compared to the 

primary emission maximum at 800 nm, fluorescence of the dye could be measured in a 

range of 639 – 758 nm by excitation with the 633 nm HeNe laser. 
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Figure 48. MaestroTM fluorescence images of the extracted kidneys from a mouse 
autopsied 24 h after injection of 1 mg TB-PGA-200 in 100 µL isotonic sorbitol solution. 
Left: exterior view, right: axial section.  
 

Whereas in the MaestroTM images of axial kidney sections the central part of the kidney 

seems to be also fluorescent, CLSM images show fluorescence solely from the cortex. 

The difference can be explained by deep penetration and multiple scattering of NIR light 

in the MaestroTM fluorescence imaging process, leading to diffuse fluorescent signals 

also from the non-fluorescent central region of the kidney. The MaestroTM image is a 

two-dimensional projection of a 3-dimensional fluorescent object. Most likely, the 

fluorescence in the central kidney region is caused by fluorescence of the deeper kidney 

cortex. The resolution is decreased due to multiple scattering events of NIR light. These 

effects were diminished by CLSM as fluorescence was excited and measured very 

precisely in a plane layer and only at an area of 2.75 µm2 (Figure 49 A) or 0.32 µm2 

(Figure 49 B) at the same time, respectively. The CLSM images confirmed the specific 

accumulation of the polymer-dye conjugate in the kidney cortex, but however no 

plausible explanation could be derived from the images. As accumulation in the kidney 

was observed as well for all other investigated PGA based polymers (cp. Figure 55, 

p. 101), a specific structure dependent relation may be concluded and might also be 

regarded as a toxicity issue. However, an influence of the fluorescence dye has to be 

taken into consideration as well, especially as the dye is large in relation to the 

comparable small polyglutamates. For the chemically comparable dye DY-782 (cp. 

Scheme 2, p. 12) a rapid elimination within 1 day has been detected, although it seemed 

to accumulate in the kidneys during the first hours, likely due to renal elimination. 

Interestingly, kidney accumulation or renal toxicity has not yet been discussed in 

literature for OpaxioTM or other polyglutamates. In the experimental studies within this 

work no mouse showed any obvious toxic effects from the polymer carriers, but with 
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regards to a potential conjugation of cytotoxic agents, the strong accumulation in the 

kidney seems to be a disadvantage over the other investigated polymer structures. It 

should be confirmed by other analytical techniques like MRI in further studies, to exclude 

a specific phenomenon due to fluorescence conjugation. However, accumulation in 

joints is interesting and unusual. It could be as well exploited for targeted delivery of 

certain drugs. 

 

Figure 49. CLSM images of a kidney from a mouse that was autopsied 24 h after 
injection of 1 mg TB-PGA-200-DY-781 conjugate (green pseudo-colored). A: Overview 
of kidney cross section B: Detailed view on cortex structure, presumably glomeruli. 

3.5.5 TB-PGA-200: Tumor Accumulation 

The PEG-PGA-PEG tri-block copolymer exhibiting the highest molecular weight was 

chosen for a first explorative study in three male tumor bearing mice, because a very 

short circulation time was expected for the smaller PGA-polymers and previous results 

with HPMA copolymers indicated a time dependent tumor accumulation in the scale of 

days. Xenograft tumor-bearing mice were prepared as described previously (cp. chapter 

2.2.7.3, page 23). 1.5 mg polymer in 100 µL isotonic sorbitol solution were injected 19 

days after tumor cell inoculation, by which time the xenograft tumors had an average 

volume of 0.24 cm3 ± 0.1 cm3 (HT-29, left flank) and of 0.98 cm3 ± 0.1 cm3 (DLD-1, right 

flank), respectively. The elimination rate and biodistribution pattern was comparable with 

that observed in SKH-1 mice. Already one day after injection a notable tumor 
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accumulation was observed (Figure 50). Seven days after polymer injection the mice 

had to be sacrificed due to the tumor burden. A specific tumor accumulation was 

detectable over the whole observation period of one week. The organs of the mice were 

autopsied for ex vivo fluorescence imaging after sacrifice and a high accumulation in the 

tumors could be confirmed (Figure 51). A higher accumulation was observed in DLD-1, 

which could be ascribed to a more pronounced EPR-effect due to the increased growth 

rate and altered tumor microstructure (compare discussion in chapter 3.1.7.3, p. 52 ff.). 

 

Figure 50. Lateral fluorescence images of a representative tumor bearing mouse 
treated with fluorescent TB-PGA-200. Top (right flank): DLD-1 and bottom (left flank): 
HT-29. The polymer accumulates in both tumors and is rapidly eliminated. 
 

 

Figure 51. Left: Representative fluorescence component image of mouse organs 
extracted seven days after TB-PGA-200 injection. 1 – bladder, 2 – liver, 3 – heart, 4 – 
HT-29 tumor, 5 – spleen, 6 – kidneys, 7 - lung, 8 – DLD-1 tumor, 9 – intestine, 10 – 
gallbladder, 11 – testes. Right: Autopsied tumors (cross sliced) from 3 mice: a better 
accumulation is observable in DLD-1, especially in the center. 
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3.5.6 Tumor Accumulation: Variation of PGA Structures 

Based on the promising tumor accumulation results of TB-PGA-200, the tumor 

accumulation of three other PGA-based polymers with varying size and architecture was 

characterized in the same xenograft mouse model (cp. Table 10, p. 89). The tumor 

volume at the day before polymer injection (19 days after tumor cell inoculation) was 

comparable for the different PGA structures, but for all of them smaller than it has been 

for TB-PGA-200 (cp. Table 11). All polymers showed a specific tumor accumulation in 

the xenograft models for the observation period, especially in DLD-1 (Figure 52). 

Table 11. The tumor volume of HT-29 and DLD-1 one day before polymer injection as 
determined by caliper measurement. Apart from TB-PGA-200, the tumor volume of the 
groups is comparable. Volumes are given in cm3 as means ± SD. 

Tumor TB-PGA-200 S-PGA-200 L-PGA-400 DB-PGA-150 

HT-29 0.24 ± 0.10 cm
3
 0.05 ± 0.02 cm

3
 0.09 ± 0.09 cm

3
 0.05 ± 0.02 cm

3
 

DLD-1 0.98 ± 0.10 cm
3
 0.40 ± 0.24 cm

3
 0.36 ± 0.14 cm

3
 0.39 ± 0.15 cm

3
 

 

 

Figure 52. Representative fluorescence component images of tumor bearing mice (left: 
HT-29 and right DLD-1) that were treated with different fluorescent PGA-polymers. An 
accumulation in the kidneys and in both tumors is detectable and rapid elimination can 
be observed for all polymers. No structure-related difference in biodistribution is 
observable. 
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The biodistribution pattern of all polymers was comparable with that of TB-PGA-200, 

independently from the polymer structure, whereas the elimination rate of the three 

smaller PGA-structures was slightly higher compared to that of TB-PGA-200 (Figure 53 

A). High local fluorescence intensities were measured for all polymers from the kidneys, 

tumors, bones and also from the liver (Figure 53 B). For better comparability of the 

tumor accumulation, the tumor accumulation value (cp. chapter 3.1.6.3, p. 44 ff.) has 

been calculated for each group (Figure 53 C and D.)  

 

Figure 53. A: The elimination rate is comparable for three of the PGA-polymers, but 
slightly lower for TB-PGA-200, which can be explained with the higher molecular weight 
compared to the other polymers (cp. Table 10, p. 89). B: Pseudo-colored fluorescence 
image (left: dorsal, right: abdominal) of a nude mouse two days after injection of L-PGA-
400. Green: polymer fluorescence, blue: autofluorescence of the mouse. The specific 
biodistribution pattern was observed for all PGA-polymers. Arrows point to the tumors 
(blue), bones and joints (white), kidneys (red), bladder (yellow) and to the liver (black). C 
and D: The tumor accumulation value of the PGA-polymers was observed to be smaller 
in HT-29 than in DLD-1. No significant difference between the polymers was 
detectable.TB-PGA-200 showed the highest accumulation in the DLD-1 xenograft model 
(TAV about 4). Data represent means ± minimum and maximum values, n=3. 
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As it was observed already for HPMA copolymers and HES-450, the TAV was markedly 

higher in DLD-1 compared to HT-29. Considering all the data from tumor accumulation 

experiments, a model-dependent difference in the tumor accumulation in DLD-1 and 

HT-29 is very likely. The most probable explanation for higher tumor enrichment in 

DLD-1 is the more pronounced EPR-effect due to increased growth rate and presence 

of necrotic/fibrotic areas in this tumor model. The tumor accumulation was slightly higher 

for TB-PGA-200 compared to the other polymers. This may be ascribed to the increased 

tumor size in this group, which results in more necrotic/fibrotic areas leading to 

increased retention of the polymer. The increasing tumor size and weight loss of the 

mice led to the end of the experiment six days after polymer injection and subsequent 

autopsy of mouse organs. The fluorescence images of the organs confirmed a high local 

accumulation in DLD-1, liver and kidneys (Figure 54). The extracted HT-29 tumor 

obviously exhibited a lower fluorescence signal compared to DLD-1, confirming lower 

tumor accumulation (Figure 55 B). As already observed for TB-PGA-200, the kidneys 

showed a higher polymer concentration at the rim compared to the center, whereas the 

polymers were accumulated rather in central parts of the tumors (Figure 55). This can 

be explained with necrotic/fibrotic regions especially in the tumor center. 

 

Figure 54. Representative component images of the polymer fluorescence signal from 
organs of a mouse of each group. Organs were extracted six days after polymer 
injection. Highest fluorescence signals could be measured mainly from the tumors, 
kidneys and the liver. For each image from left to right: Top – bladder, liver, heart and 
HT-29. Middle – spleen, kidneys, lung and DLD-1. Bottom – intestine, gallbladder, and 
testes. 
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Figure 55. Cross slices of extracted kidneys (A) and tumors (B) – top HT-29, bottom 
DLD-1 – from all mice of each group. As shown previously for TB-PGA-200 (cp. Figure 
48, p. 95), the polymer accumulated in a small rim of the kidney cortex. Tumor 
accumulation was observed to be much higher in DLD-1. 

3.5.7 Summary 

Polymers based on poly-glutamic acid present to be an interesting platform for the 

design of polymer conjugates for passive tumor targeting. Various different polymer 

architectures exhibiting a narrow molecular weight distribution were prepared by 

cooperation partners. After detailed characterization of the molecular weight distribution 

by AF4, the most promising candidates were selected an subsequently conjugated with 

an NIR fluorescent dye and characterized in vivo and ex vivo in a nude mouse tumor 

model. It was demonstrated that these polymers are suitable for passive tumor targeting 

independently from the polymer architecture. The results obtained from multispectral FLI 

revealed a high local accumulation of the polymers not only in the xenograft tumor 

models, but as well in kidneys and bones, especially in the region of cartilages, like knee 

joint, spline and sternum. This interesting PGA-specific effect should be further 

investigated, as it could be exploited for the development of a specific bone- or cartilage 

targeted drug delivery system, which for instance might be useful for the treatment of 

cancer metastases or as well other specific diseases. However, the mechanism of this 

specific effect, which was not observed for other investigated polymer classes within this 

work, is yet unknown. Although no mice showed any pathologic effect from the 

accumulation in the kidney cortex, this effect should be as well investigated in more 

detail in further studies using other analytical techniques than FLI. 
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4 Summary and Perspectives 

Polymer conjugates arouse particular interest in medicine as drug delivery systems for 

targeted tumor therapy, but the relationship between the polymer structure, molecular 

weight and the fate in the living organism is not understood in detail yet. Within this work 

three structurally different polymer classes have been investigated with the aim to 

contribute to the understanding of this relationship and to identify suitable candidates for 

passive tumor targeting based on the EPR effect: HPMA copolymers, carbohydrates 

and polyglutamates. The molecular weight distribution of the polymers was 

characterized in detail and major toxicity issues have been experimentally addressed. 

Several polymers from each class have been investigated in vivo in nude mice with 

regard to biodistribution and elimination properties. Therefore fluorescence labeled 

derivatives of the polymers have been either obtained by cooperation partners (HPMA 

copolymers) or synthesized within the frame of this work (polyglutamates, 

carbohydrates). 

Non-invasive near-infrared multispectral FLI allowed the evaluation of the body fate of all 

polymers. The observed biodistribution pattern particularly depended on the polymer 

class, but no strong dependency on the molecular weight or polymer architecture was 

found within one polymer class. HPMA copolymers preferentially accumulated in the 

kidneys, whereas carbohydrates showed slight enrichment in the liver and lymph nodes. 

The polyglutamates showed a high specific affinity to the kidneys and to bones and 

cartilages that might be an interesting observation with regard to a potential bone 

targeted drug delivery system. However, it has to be stressed out by all means that –

 besides dextran - none of the characterized polymers showed extensive liver 

accumulation as it is a common observation for nanoparticles or nanocapsules. 

Undoubtedly, this seems to be a great advantage of water soluble polymers, because 

the risk of potential hepatotoxicity is minimalized and the circulation time of a potential 

drug in the blood stream is increased. Also, none of the investigated polymers showed 

local and specific accumulation in the ovaries, which has been recently reported for 

nanoparticulate drug delivery systems.  

The carbohydrate polymers and polyglutamates have been conjugated each with a 

single fluorescent dye to assess the effects of the polymer in the body, whereas the 

HPMA copolymers were conjugated by cooperation partners with two fluorescent dyes 

with different emission spectra. One of them served as a non-cleavable polymer label 
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and the other one as a pH-dependent cleavable drug model. Thus it was possible to 

observe the biodistribution of both, the drug model and the polymer simultaneously by 

use of multispectral FLI. After the characterization of biodistribution and elimination, the 

proposed tumor accumulation due to the EPR-effect has been demonstrated in human 

colon carcinoma xenograft bearing athymic nude mice. The accumulation in tumors 

could be observed excellently by multispectral FLI. Interestingly, all investigated 

polymers accumulated in the tumor models. The accumulation in DLD-1 was always 

higher than in HT-29, which may be ascribed to an increased growth rate and a different 

tumor microstructure, which was substantiated by histology. With various HPMA 

copolymer derivatives it was proven in vivo by multispectral FLI that the release rate of 

the drug model can be controlled by the chemical environment of the spacer. 

One major obstacle in fluorescence imaging techniques is that results are hardly 

quantifiable. Several influences on the emitted light have to be taken into consideration, 

such as absorption, scattering, autofluorescence and quenching. Quenching is very hard 

to predict in complex matrices or even in vivo. It turned out to be impossible to calculate 

concentrations from the measured fluorescence intensity in vivo. However, the tumor 

accumulation was nevertheless quantified in this work after development of a relative 

quantification approach. Thus, results from different polymers and different mice could 

be compared. It could be argued that fluorescence imaging is an inappropriate method 

for in vivo characterization of polymers because the used labels might change the 

polymer properties, especially for the rather small polyglutamates and the linear HPMA 

copolymer. This can be certainly discussed as disadvantage of the method and it is 

recommended to verify the promising results of this work in future by use of other 

imaging techniques, such as PET or MRI. However, multispectral FLI turned out to be 

easy to use and cheap, which makes it valuable especially for screening purposes in 

preclinical research. 

The promising results of the tumor accumulation studies with HPMA copolymers 

ultimately led to a treatment study in xenograft tumor bearing mice with doxorubicin-

conjugated HPMA copolymers. Although the human colon carcinoma tumor model in 

this study was doxorubicin resistant, an improved efficacy and reduced toxicity of the 

polymer-drug conjugate compared to free doxorubicin has been demonstrated. The 

results of this explorative study should be confirmed by further investigations in other 

tumor models. Tumors with slower growth rate are recommended for a longer possible 

observation period. It has to be stated that the subcutaneous tumor models used in this 

work have the advantage to be easily accessible and observable, but exhibit poor 
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clinical relevance. Twan Lammers commented subcutaneous tumor models at the 

European Summerschool of Nanomedicine 2011 in Wittenberg with the following 

statement: “Nobody is dying from a local, solid tumor, because solid tumors would be 

simply removed by surgery. People are dying from metastases.” Bearing this in mind, 

the results of this work have to be confirmed in clinically more relevant orthotopic and 

metastasizing tumor models, exhibiting more realistic biological properties, such as 

vascularization and infiltration.  

Within this work, evidence has been found that multiple dosing with the polymers would 

lead to an increased tumor accumulation. This effect should be further investigated in 

ongoing studies. The cellular uptake of the polymer conjugates into the tumor cells has 

not been experimentally addressed in the focus this work. Most proposed release 

mechanisms of the active substance from polymer-drug conjugates focus on intracellular 

release, for instance in the endosomes. Thus, the polymer drug conjugates have to 

enter the cells, but obviously, not everything that is nano-sized is taken up into tumor 

cells as those would be otherwise flooded with plasma proteins of the blood, for 

instance. Therefore, further studies should focus also on proving the cellular uptake of 

the various polymers by internalization experiments and investigate the uptake 

mechanism. 



5 Appendix List of Chemicals, Reagents and Solvents I 

5 Appendix 

5.1 List of Chemicals, Reagents and Solvents 

Substance Source/Origin Remark 

DY-676-NHS ester Dyomics, Germany  

DY-782-NHS ester Dyomics, Germany  

DY-781-Amine Dyomics, Germany  

IRDye
® 

800CW LI-COR Biosciences, USA  

HES 200/0.5 Serumwerk Bernburg AG, Germany Free sample batch 0473 

HES 450/0.7 Serumwerk Bernburg AG, Germany Free sample batch 0209 

Dextran 500 Serumwerk Bernburg AG, Germany Free sample batch 241/03 

Ethylenediamine Sigma-Aldrich, Germany  

p-Tosylchloride Sigma-Aldrich, Germany  

Deuterium oxide Sigma-Aldrich, Germany  

LPS from E. coli Sigma-Aldrich, Germany Escherichia coli 055:B5 

EDCI Sigma-Aldrich, Germany  

NHS Sigma-Aldrich, Germany  

LSM 1077 PAA Laboratories, Austria  

Sodium Pyruvate PAA Laboratories, Austria solution 

MEM medium PAA Laboratories, Austria (with Phenol Red) 

Gibco® MEM Life Technologies, USA (without Phenol Red) 

HepG2 cells 
DSMZ-German Collection of Micro-
organisms and Cell Cultures, Germany 

 

BD CBA cytokines Becton, Dickinson and Company, USA. Human inflammatory kit 

Dimethylformamide VWR, Germany Analytical grade 

Triethylamine VWR, Germany Analytical grade 

Methanol VWR, Germany Analytical grade 

Isopropanol VWR, Germany Analytical grade 

Dialysis Membrane Spectrum Labs, USA MWCO 3.5 kDa 

Sterile filters  Millipore, USA 0.2 µM PTFE 

Forane
® 

Abbott, Germany For veterinary use 

 

Other materials were used as received. Buffers used in the experiment were 

standardized buffers unless otherwise stated. Other organic solvents and chemicals 

used were technical grade.  
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