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1. Introduction 
 
More than 20,000 women are diagnosed with ovarian cancer each year in the United 

States (Jemal et al., 2009). The disease is still associated with a poor prognosis and 

an approximate 50% 5-year survival rate, which is due to non-specific early 

symptoms and an often advanced stage at the time of diagnosis (Cannistra, 2004). 

Though aggressive surgical debulking and standard taxane- or platinum-based 

chemotherapy lead to an initial response in the majority of patients, most of them 

ultimately relapse after a certain time interval (Katsumata et al., 2009). Disease 

progression warrants the institution of second-line chemotherapy, including 

chemotherapy with anthracyclines like Doxorubicin or its liposome-based formulation 

Doxil® (Cannistra, 2002).  

 

Many imaging modalities are currently deployed to improve the time of diagnosis of 

ovarian cancer, thus potentially leading to better therapeutic premises. Ultrasound 

examination is the most useful noninvasive diagnostic test if an adnexal mass is 

suspected. It is noninvasive and radiation free but it is operator-dependent, requiring 

a high level of skill and experience to acquire good-quality images and make 

accurate diagnoses. Magnetic resonance imaging (MRI) is an excellent imaging 

device when an adnexal mass is indeterminate on ultrasound (Shaaban, Rezvani, 

2009). MRI provides high spatial resolution and is also radiation-free but the images 

obtained are less sensitive than those obtained with nuclear imaging, and data 

acquisition is expensive and long-winded (Barentsz, 1995). Moreover, in the case of 

solid tumors of the abdomen, computed tomography (CT) is often preferred due to 

less motion artifact. CT is usually more widely available, faster, less expensive, and 

may be less likely to require the person to be sedated or anesthetized. Another 

imaging modality, namely positron emission tomography (PET) is of great benefit as 

a diagnostic tool in ovarian cancer when there is an increase in serum tumor marker 

and previously performed imaging is inconclusive or negative. The benefit of PET is 

of high interest in the post-operative setting as disease surveillance modality (Basu et 

al., 2009). CT and PET-CT demonstrate a high sensitivity and potential for whole-

body evaluation, however, drawbacks include radiation exposure and high costs for 
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both modalities and a short isotope half-life for PET-CT (Grahek, Hassan-Sebbag, 

2009).  

 

Optical Imaging (OI), a technique based on the detection of fluorescence, is a 

relatively new imaging modality that encompasses numerous techniques and 

methods and has a large range of applications, including cancer research such as 

monitoring tumor growth, treatment, or the proliferation of metastatic disease. For 

example, breast cancer patients have been scanned using optical imaging, which 

may supplement mammography and MRI in breast cancer detection (Ntziachristos et 

al., 2000). Moreover, anti-cancer therapies are tested through monitoring the 

efficiency of chemotherapy, cytokine or immunotherapy with OI (Licha, Olbrich, 

2005). Major advantages in comparison to other imaging modalities consist of its 

relatively inexpensive and easy and rapid image generation. Moreover, it is 

noninvasive, radiation-free and has molecular sensitivity (Citrin et al., 2004, Sutton et 

al., 2008). Its major limiting factors continue to be the fairly limited penetration of light 

through tissue due to absorption or scattering and the relatively low spatial resolution, 

both impeding the breadth of clinical application (Licha, Olbrich, 2005).  

 

Second-line therapeutic agents Doxorubicin or Doxil® are characterized by their 

intrinsic fluorescence properties (Cay et al., 1997), thus enabling them to be detected 

by fluorescent imaging modalities, one of them being Optical Imaging. However, their 

fluorescence characteristics are in an unfavorable spectrum for in vivo optical 

imaging (Bremer et al., 2003). A potential approach to nevertheless visualize 

Doxorubicin and its liposomal derivates with optical imaging, in order to monitor their 

accumulation in tumor tissue, is to co-encapsulate it with a near infrared (NIR) dye 

into a liposomal formulation and shift the imaging spectrum to higher, more favorable 

wavelengths for in vivo Optical Imaging (Bremer et al., 2003). We developed a new 

formulation of liposomal Doxorubicin, which had been co-encapsulated with the near-

infrared (NIR) dye ADS645WS. ADS645WS can be detected with standard OI 

scanners and thus allow in vivo tracking of associated drugs. 

 

The purpose of this study was to diagnose the in vivo accumulation of the newly 

designed liposomal ADS645WS-Doxorubicin formulation in human ovarian cancer 

xenografts and to gain further insight into the longitudinal monitoring of in vivo 
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cytotoxic drug behavior and treatment response with Optical Imaging. Furthermore, 

fluorescent signals from Optical Imaging data were correlated with the tumor 

morphology as determined by histopathology.  
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2. Background 
 
2.1. Ovarian Cancer 
 
2.1.1. Epidemiology and Pathogenesis 
 
Ovarian cancer is the second most common gynecologic malignancy in North 

America and Northern Europe. It is the most common cause of death among women 

with gynecologic cancer and the fifth leading cause of cancer death in all women. 

Approximately 20.000 new cases are diagnosed each year in the United States 

(respectively 8000 in Germany) and 14.000 (respectively 6000) ovarian cancer-

related deaths occur annually (Kiechle, 2006, Jemal et al., 2009). The median age of 

patients with ovarian cancer is 60 years, and the average lifetime risk for women is 

about 1 in 70 (Whittemore et al., 1992). 

 

A strong family history of ovarian cancer is related to the presence of an inherited 

mutation in one of two genes, known as BRCA1 and BRCA2. This genetic 

predisposition is the most important risk factor, but is present in only approximately 5 

percent of women presenting with ovarian cancer (Hennessy et al., 2008). Nulliparity 

is associated with an increased risk, whereas a periodic suppression of ovulation due 

to oral contraceptive use, pregnancy or lactation is associated with a reduced risk of 

ovarian cancer (Table 1: risk factors for ovarian cancer) (Whittemore et al., 1992, 

Carlson et al., 1994, Gotlieb et al., 2000, Ness et al., 2002).  
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Table 1: Risk factors for ovarian cancer: taken from uptodate.com and adapted from: 

(Whittemore et al., 1992, Carlson et al., 1994, Gotlieb et al., 2000, Ness et al., 2002) 

 

The pathogenetic mechanism(s) that explain the link between many of the risk 

factors and development of ovarian cancer have not been determined. Some of the 

main hypotheses that have been proposed are: 

(1) Repeated ovulation results in repeated minor trauma to the ovarian epithelium, 

which, in turn, can lead to malignant transformation. Support for this hypothesis is 

derived from the observation that women with periodic suppression of ovulation have 

a lower incidence of ovarian cancer (Ilekis et al., 1997). 

(2) Persistent ovarian exposure to gonadotropins and elevated estradiol 

concentrations may be carcinogenic. This hypothesis is supported by the observation 

that experimentally induced ovarian tumors contain gonadotropin receptors and 

estrogen can stimulate cell proliferation in cells containing estrogen receptors 

(Schildkraut et al., 1996). 

(3) Recently, multiple genetic and epigenetic changes have been studied and some 

are evident in ovarian cancer. How such changes induce tumorigenesis is not yet 
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clear. Many oncogenes or tumor suppressor genes and several signaling pathways 

have been implicated in ovarian cancer. Aberrations in cell proliferation, apoptosis 

and autophagy and changes in cell adhesion and motility all contribute to disease 

development and metastasis (Bast et al., 2009). Epigenetics have become intensely 

integrated in research focusing on understanding the development and progression 

of ovarian cancer. Indeed, their gradual accumulation is associated with advancing 

grade and stage of disease (Balch et al., 2009).  

There are numerous types of ovarian tumors and it is believed that they arise 

ultimately from one of the three ovarian components: (1) the surface epithelium 

derived from the coelomic epithelium, which account for the majority of cases; (2) the 

germ cells, which migrate to the ovary from the yolk sac and are pluripotent; and (3) 

the stroma of the ovary, including the sex cords, which are forerunners of the 

endocrine apparatus of the postnatal ovary. There is also a group of tumors that defy 

classification, and finally there are secondary or metastatic tumors to the ovary 

(Table 2: WHO classification of ovarian neoplasms) (Scully, 1987, Kumar et al., 

2010). 
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Table 2: WHO classification of ovarian neoplasms (adapted from Robbins and Cotrane: 

Pathologic Basis of disease (Kumar et al., 2010)) 

 

2.1.2. Diagnosis 

 
The symptoms and physical findings of ovarian cancer are nonspecific and can 

suggest the presence of upper abdominal disease, often leading to late diagnosis 

and thus advanced stage of disease. Affected women may report abdominal 

discomfort, due to increased abdominal pressure from ascites or involvement of the 

omentum. Occasionally patients with early-stage disease present with pelvic pain due 

to ovarian torsion but most patients with early-stage disease remain asymptomatic 

(Cannistra, 2004, Asadollahi et al., 2010) 
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Ultrasound examination is the most useful noninvasive diagnostic test in women with 

an adnexal mass. The presence of sonographic features suggestive of malignancy 

helps in predicting the likelihood that a pelvic mass is malignant, but is not infallible, 

even when combined with other modalities, such as demographic information and 

biochemical data (Aslam et al., 2000). 

 

Therefore, if ovarian cancer is suspected on the basis of the physical examination 

and the results of ultrasonography, an exploratory laparotomy for definitive histologic 

diagnosis is usually required (Cannistra, 2004).  

 

2.1.3. Treatment 
 
Treatment of epithelial ovarian cancer is determined by the stage of disease at the 

time of diagnosis, as expressed by the International Federation of Gynecology and 

Obstetrics (FIGO)/TNM staging system. The initial management in women with 

ovarian cancer is almost always aggressive surgical resection even when advanced 

staged (Goff et al., 2007, Asadollahi et al., 2010).  
 

The majority of patients with epithelial ovarian cancer will then require postoperative 

adjuvant chemotherapy in attempt to eradicate residual disease (Trimbos et al., 

2003, Cannistra, 2004). In patients with early-stage disease with a high risk of 

relapse, intravenous administration of taxane- (such as paclitaxel and docetaxel) and 

platinum- (such as cisplatin and carboplatin) based adjuvant treatment is commonly 

considered while it is the current standard of postoperative care in patients with 

advanced ovarian cancer (Ozols et al., 2002, Katsumata et al., 2009). Although initial 

responses to chemotherapy are often good, disease recurrence continues to be a 

major problem for patients with advanced staged disease. A common sign of relapse 

is a rise in the serum CA-125 level and abnormalities on physical examination or 

Computed Tomography. Disease progression warrants the institution of second-line 

chemotherapy. The choices of agents to be considered, which are currently under 

investigation include liposomal doxorubicin, topotecan, oral etoposide or vinorelbine 

(Cannistra, 2002, Fung-Kee-Fung et al., 2007). 

 

The outlook for patients with epithelial ovarian cancer has clearly improved over the 
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past decade, largely as a result of taxane- and platinum-based first-line 

chemotherapy, as well as an increase in options for the management of recurrent 

disease. In addition, it is now commonplace to recognize familial syndromes and to 

implement risk-reduction strategies. 

 

2.2. Cytotoxic agents 
 

2.2.1. Anthracyclines 
 

Anthracyclines are among the most active antineoplastic drugs developed to date, 

used both in the treatment of solid cancers, such as breast and ovarian cancer or 

sarcomas, and of hematologic cancers and are used extensively both as single 

agent- and in combination regimens; in adjuvant- as well as in metastatic settings. 

The mechanisms of action of the entire class of anthracyclines in tumor cells remain 

a matter of controversy. Mechanisms that have been suggested include: (1) induction 

of apoptosis in response to topoisomerase II inhibition (Skladanowski, Konopa, 

1993), (2) initiation of DNA damage via inhibition of topoisomerase II (Gruber et al., 

2005), (3) high affinity binding to DNA through intercalation, with consequent 

blockade of the synthesis of DNA and RNA, and DNA strand scission (Graves, 

Krugh, 1983), (4) binding to cellular membranes to alter fluidity and ion transport 

(Richardson, Johnson, 1997) and (5) generation of semiquinone free radicals and 

oxygen free radicals through an enzyme-mediated reductive process (Chu, Sartorelli, 

2003, Abraham et al., 2005, Takemura, Fujiwara, 2007).  

 

Over the course of the past three decades, much research effort has been devoted in 

developing a “better anthracycline” which has resulted in the synthesis of some 2000 

analogues. However, none of these agents appear to have any advantage over 

Doxorubicin or its liposomal formulation (Weiss, 1992, Richardson, Johnson, 1997, 

Takemura, Fujiwara, 2007). 
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2.2.1.1. Doxorubicin 
 
Clinical use 

Doxorubicin (DOX), introduced around 1970, is the best-known and most widely used 

member of the anthracycline antibiotic group of anticancer agents (Abraham et al., 

2005). It is widely used in the treatment of acute lymphoblastic and myeloblastic 

leukemia, Hodgkin's and Non-Hodgkin's lymphoma (Takemura, Fujiwara, 2007) as 

well as in the treatment of breast and ovarian cancer (Vermorken, 2003). 

 

 
Figure 1: Doxorubicin (taken from (Abraham et al., 2005)) 

 

Description 

Doxorubicin is a cytotoxic anthracycline antibiotic isolated from cultures of the 

pigment-producing Streptomyces peucetinus var. caesius (Takemura, Fujiwara, 

2007) and consists of a naphtacenequinone nucleus linked through a glycoside bond 

at ring atom 7 to an amino sugar, daunosamine (C21H18O9). Chemically, Doxorubicin 

hydrochloride is: 5,12-Naphtacenedione, 10-[(3-amino-2,3,6-trideoxy-α-L-lyxo-

hexopyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-trihydroxy-8-(hydroxylacetyl)-1-

methoxy-,hydrochloride (8S-cis) (Bouma et al., 1986, Fiallo et al., 1998). Doxorubicin 

hydrochloride typically exists as a hygroscopic crystalline powder composed of 

orange-red thin needles. It has a melting point of 229-331°C and absorption 

maximums (in methanol) of 233, 252, 88, 479, 496 and 529nm due to the 

dihydroxyanthraquinone chromophore (Budavari, 2000). Any variation of groups on 

the chromophore will lead to changes in the absorption spectrum. The spectrum 

depends on pH, binding ions and their concentration or drug concentration (Abraham 

et al., 2005). Doxorubicin is documented to appear orange at pH 7, violet at pH 11 

and blue at pH 13 (Fiallo et al., 1999). Doxorubicin has a well-documented 
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autofluorescence, with an excitation wavelength of 480nm and an emission cut-off of 

550nm (Cay et al., 1997). 
 

Mechanism of action 

As described above, Doxorubicin, like all anthracyclines, has a wide range of 

different mechanisms of action (Graves, Krugh, 1983, Skladanowski, Konopa, 1993, 

Richardson, Johnson, 1997, Abraham et al., 2005, Gruber et al., 2005, Takemura, 

Fujiwara, 2007). 
 

Pharmacokinetics 

The initial distribution half-life of approximately 5 minutes after intravenous injection 

suggests rapid tissue uptake of Doxorubicin. Binding of Doxorubicin and its major 

metabolite, Doxorubicinol, to plasma proteins is about 75% and is independent of 

plasma concentration of Doxorubicin up to 1,1µg/mL. Doxorubicin is not known to 

cross the blood brain barrier. Studies have been performed, where Doxorubicin or 

Doxorubicinol have been detected in the milk of lactating patients. The relative 

exposure of Doxorubicinol, i.e., the ratio between the area under the curve (AUC) of 

Doxorubicinol and the AUC of Doxorubicin, compared to Doxorubicin ranges 

between 0,4 and 0,6. 

Plasma clearance is predominantly by metabolism and biliary excretion. The 

clearance of Doxorubicin and Doxorubicinol was reduced in patients with impaired 

hepatic function, leading to the necessity of reducing the administered dose 

according to the levels of serum bilirubin, ALT and AST. No dose adaptation is 

required when the patient is suffering from renal impairment (Gustafson et al., 2002). 

 

Toxicity 

Similar to other anticancer drugs targeting proliferating cell populations, Doxorubicin 

affects a variety of organ systems. 

 

Gastrointestinal and hepatic effects including nausea, vomiting and diarrhea as well 

as a rise in bilirubin and increase in liver transaminases have been widely reported 

as side-effects in clinical studies of the anthracyclines (Richardson, Johnson, 1997). 

Oral mucositis is also common in patients receiving anthracyclines. Doxorubicin and 

its major metabolite, Doxorubicinol, are excreted in detectable amounts in parotid 
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saliva, exposing the mucosa of the upper gastrointestinal tract to drug (Bressolle et 

al., 1992). 

 

The cardiovascular system shows both acute and chronic effects after Doxorubicin 

administration. Its, generally reversible and clinically manageable, acute effects 

include arrhythmias, hypotension and various electrocardiography changes, whereas 

the chronic changes often lead to irreversible cardiomyopathy with congestive heart 

failure (Takemura, Fujiwara, 2007). Doxorubicin's cardiotoxic effects are clearly 

related to the total administered cumulative dose, leading to congestive heart failure 

in 4% to 36% of treated patients at cumulative dosages ranging from 450-550mg/m2 

to over 600 mg/m2 respectively (Abraham et al., 2005, Takemura, Fujiwara, 2007).  

The pathogenic mechanism of Doxorubicin-induced cardiomyopathy remains 

unclear, but seems to be different from the mechanism underlying its anti-tumor 

activity. Numerous mechanisms have been proposed, suggesting oxidative stress, 

suppression of gene expression or apoptosis among many, which seem responsible 

for the cardiotoxicity. Due to the very high morbidity and mortality rate of Doxorubicin 

treatment, a lifelong monitoring of cardiac functions is necessary in treated patients 

(Abraham et al., 2005, Takemura, Fujiwara, 2007).  

 

The typical acute dose-limiting toxicity, similar to that of other antineoplastic agents is 

that of high myelosupression. A dose-dependent, reversible leukopenia and/or 

granulocytopenia (neutropenia) are the predominant manifestations of Doxorubicin's 

hematologic toxicity, potentially leading to neutropenic fever, infections, 

sepsis/septicemia, septic shock, hemorrhage and tissue hypoxia and thus requiring 

careful monitoring over the course of the chemotherapeutic treatment (Gabizon, 

1994, Richardson, Johnson, 1997, Takemura, Fujiwara, 2007). 

 

In addition, the occurrence of secondary leukemia (AML or MDS) after anthracycline 

regimens, including Doxorubicin, has been described as common especially in 

combination with radiotherapy or patients heavily pretreated with other cytotoxic 

drugs (Smith, 2003). 
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Dosing and administration 

The most commonly used dose schedule when used as a single agent is 60 to 75 

mg/m2 as a single intravenous injection administered at 21-day intervals. The lower 

dosage should be given to patients with inadequate marrow reserves due to old age, 

or prior therapy, or neoplastic marrow infiltration. Various dose modifications due to 

drug interaction or medical condition of the patient are necessary. It is recommended 

that Doxorubicin be slowly administered into the tubing of a freely running 

intravenous infusion of Sodium Chloride Injection, USP, or 5% Dextrose Injection, 

USP. 

 

2.2.1.2. Doxil®/Caelyx® 
 
Clinical use 

In order to improve Doxorubicin’s chemotherapeutic activity and, at the same time, 

reduce its toxicity profile, many research groups have put efforts into the 

development of a liposome formulation of Doxorubicin. Two formulations that have 

received clinical approval are Doxil® (United States) and Caelyx® (Canada and 

Europe). They are pegylated liposome formulations; formulations of Doxorubicin in 

poly(ethylene glycol)-coated (stealth®) liposomes with a prolonged circulation time 

and unique toxicity profile. They are currently approved for the treatment of AIDS-

related Kaposi’s sarcoma and recurrent ovarian cancer in North America and in 

Europe as well as for metastatic breast cancer in Europe. In addition, Doxil® is also 

being tested in other solid tumors and in myeloma (Gabizon, 2001, Sharpe et al., 

2002, Abraham et al., 2005). 

 

 
Figure 2: Liposomal composition of STEALTH® liposome (adapted from (Abraham et al., 

2005)) 
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Description 

Doxil® consists of a liquid suspension of single lamellar vesicles with an approximate 

mean size of 100nm. The liposomal formulation is composed of hydrogenated soy 

phosphatidylcholine (HSPC), cholesterol (Chol) and N-(carbonyl-

methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-glycero3- phosphoethanolamine 

sodium salt (MPEG-DSPE) (55:40:5 molar ratio) (Working, Dayan, 1996, Gabizon et 

al., 2003). The coating of liposomes with polyethylene glycol (PEG), a synthetic 

hydrophilic polymer, led to a major breakthrough in prolonging circulation time 

(Woodle, Lasic, 1992). These PEG-coated liposomes are referred to as sterically 

stabilized or STEALTH® liposomes. The total lipid content of Doxil® is approximately 

16mg/mL and the Doxorubicin concentration is 2mg/mL. 

 

Mechanism of action 

Slow rates of drug release and long circulation times allow Doxil® to extravasate into 

diseased tissues through the “enhanced permeability and retention” or EPR effect 

(Hashizume et al., 2000, Maeda et al., 2000). Consequently, Doxil®, or liposomes 

with similar properties, mediate accumulation of encapsulated drugs in solid tumors, 

which has lead to improved therapeutic activity in comparison to free (non-

encapsulated) drugs (Papahadjopoulos et al., 1991, Gabizon, 1992). 

 

Pharmacokinetics 

Many variables, such as the composition of the lipid bilayer and of the liposomal 

water compartment, the liposome diameter, the properties of the drug, drug release 

rates, the nature of the interaction between the drug and the lipid vesicle 

compartment as well as the circulation half-life play an important role in determining 

the therapeutic activity and toxicity of liposomal drug delivery systems in animal 

models of cancer. Small diameters and long circulation half-lives allow liposomal 

drugs to accumulate in tissues with increased vascular permeability (e.g. tumor 

tissue), but only if liposomes retain their drug load over several hours to days will 

high drug concentrations accumulate in tumor tissue (Drummond et al., 1999, 

Gabizon et al., 2003). Due to the attachment of polyethylene-glycol polymers to a 

lipid anchor, the uptake by the reticulo-endothelial system is reduced. As a result, an 

extended circulation time and a reduced volume of distribution characterize the 
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pharmacokinetic profile. Analysis of tissue distribution shows increased accumulation 

of pegylated Doxorubicin into various implanted tumors and human tumor xenografts 

in comparison to the free drug (Gabizon et al., 2003).  

 

Toxicity 

Compared to conventionally administered Doxorubicin, liposome formulations show 

reduced cardiac toxicity (Berry et al., 1998, Waterhouse et al., 2001). Doxil® has a 

low incidence of myelosuppression and its dose-limiting toxicities are mucocutaneous 

reactions such as stomatitis and palmar-plantar erythrodysesthesia (PPE), which 

develops primarily on the hands and feet and can lead to severe pain and blistering 

desquamation (Uziely et al., 1995, Ranson et al., 1997).  

 

Dosing and administration 

Doxil® should be administered intravenously at a dose of 50 mg/m2 (Doxorubicin HCl 

equivalent) at an initial rate of 1 mg/min to minimize the risk of infusion reactions. If 

no infusion-related side effects are observed, the rate of infusion can be increased to 

complete administration of the drug over one hour. The patient should be dosed once 

every 4 weeks, for as long as the patient does not progress, shows no evidence of 

cardiotoxicity, and continues to tolerate treatment. A minimum of 4 courses is 

recommended because median time to response in clinical trials was 4 months. To 

manage adverse events such as PPE, stomatitis, or hematologic toxicity, the doses 

may be delayed or reduced. Pretreatment with or concomitant use of antiemetics 

should be considered.  

 

To conclude, the application of drug delivery vectors to cancer chemotherapy 

represents an important ongoing effort to improve the selectivity and efficacy of 

antineoplastic drugs. The use of liposomes as drug carriers for chemotherapeutic 

agents, proposed originally by Gregoriadis in 1981 (Gregoriadis, 1981), and currently 

under investigation by several research groups, offers a powerful means of 

manipulating drug distribution to improve antitumor efficacy and reduce toxicity.  
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2.3. Liposomal formulations 
 

2.3.1. Liposomes and their range of clinical deployment 
 

The pioneering observation of Alec Bangham about 40 years ago that phospholipids 

can form closed bilayered structures in aqueous solutions lead to the continuous 

development of a wide range of liposomal formulations becoming pharmaceutical 

carriers of choice for numerous practical applications as well as diagnostic resources 

in various medical fields (Torchilin, 2005). Many opportunities in a clinical 

environment erupt from the different therapeutic and diagnostic possibilities 

liposomes can offer. Different targets can be aimed at when using liposomes in a 

variety of therapeutic and diagnostic designs. The FDA-approval of several liposomal 

drugs over the past decade is a breakthrough in pharmaceutical research.  

 

Different liposomal formulations may be used in a variety of clinical applications, such 

as their use as therapeutic delivery agents, as vehicles for diagnostic imaging or the 

combination of the two (then called theranostic liposomes).  

 

As therapeutic drug delivery agents, liposomal drug carriers offer multiple 

opportunities to improve tumor therapy through various mechanisms. Liposomes may 

provide a slow-release vehicle to achieve pharmacokinetic characteristics increasing 

the therapeutic index, act as long circulating nanoparticles that can extravasate in the 

hyperpermeable regions of tumor vasculature or help in formulation of poorly soluble 

therapeutic agents, all of which will be described below (Straubinger et al., 2004). For 

effective chemotherapy, therapeutic agents need to be selectively delivered to their 

target sites to assure a maximum efficacy and a reduced amount of toxicity, common 

to all cytotoxic drugs. In addition to drug delivery, lipid carrier systems have recently 

been used in gene delivery systems for gene therapy (Hashida et al., 2001). 

Moreover, liposomal proteins may be used in various therapeutic designs. 

Heeremans et al. showed that a fourfold lower dose of liposomal tissue plasminogen 

activator was needed in rabbits with jugular vein thrombosis in comparison to those 

receiving the native enzyme in order to provide the same degree of lysis (Heeremans 

et al., 1995). The encapsulation of peptides into liposomes for therapeutic reasons 

has been the aim of various animal studies. Thus, liposomal entrapment of insulin 
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purposely exploits liposomal delivery to the liver, prolongs insulin action in the body 

and enhances the oral absorption of insulin leading to a lasting lowering of glucose 

levels in animal models (Kisel et al., 2001). 

 
As diagnostic agents, liposomes have also achieved an important role, for example in 

Magnetic Resonance imaging (MRI), where paramagnetic liposomes have been 

synthesized by binding chelates such as Gadolinium-DTPA to amphiphilic moieties 

incorporated directly into the lipid bilayer or by directly covalently linking 

paramagnetic chelates to the liposome membrane surface (Unger et al., 1988). 

These liposomes could be used in a variety of diagnostic imaging applications in the 

fields of neoplastic therapy tracking (Erdogan et al., 2006), angiogenesis (Mulder et 

al., 2006), blood-pool imaging (Weissig et al., 2000), or cell-tracking (Bulte et al., 

1993). 

 
As previously described, liposomes are used in a variety of clinical applications and 

experimental designs in therapeutic and diagnostic applications. The combination of 

these two, resulting in a theranostic liposome, a combined contrast agent and 

therapeutic delivery vehicle, appears to be a very promising method of treatment, 

therapeutic response assessment and diagnostic resource in various clinical fields. 

For example, an approximately linear concordance of intralesional MRI T1 

measurement and tissue Doxorubicin concentration has been demonstrated following 

the administration of Doxorubicin and MnSO4 encapsulated in thermosensitive 

liposomes in an in vivo fibrosarcoma rat model, validating the use of paramagnetic 

liposomes as both diagnostic imaging agent and drug delivery vehicle (Viglianti et al., 

2006). Moreover, another study suggested the monitoring of the delivery of 

Doxorubicin using Gd-DTPA-BMA encapsulated liposomes, demonstrating a 

significant contrast enhancement the hours following intravenous injection of the 

formulation in a rat osteogenic sarcoma model (Rubesova et al., 2002).  

 

2.3.2. General structure of liposomes 
 

Liposomes are spherical vesicles formed from one or more lipid membranes 

composed of amphiphilic molecules such as phospholipids and cholesterol. In an 

aqueous solution, these amphiphiles spontaneously align to form bilayered 
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membranes with the hydrophilic ends positioned at the membrane surfaces and the 

hydrophobic ends directed internally. Liposomes usually have an aqueous phase 

core that may be exploited to carry and protect hydrophilic imaging agents or drugs. 

Likewise, hydrophobic drugs or imaging agents can be directly incorporated into the 

lipid membrane of the liposome. Liposomes are usually formed using phospholipids 

with mixed lipid chains, from pure components such as 

dioleolyphosphatidylethanolamine, or some combination of the two (Ulrich, 2002). 

 

2.3.3. Pharmacokinetics and biodistribution  
 
The properties that determine the clearance and drug retention of liposomal 

formulations have continued to be understood, making it possible to engineer 

liposomal drugs with more advanced and rational strategies to develop therapeutics 

with activities that are optimal for both the encapsulated agent and its specific 

therapeutic application. The vast wealth of knowledge regarding the biophysical and 

pharmacological properties of liposomal carrier systems results in them being one of 

the most mature and well understood drug delivery systems (Drummond et al., 

2008). There is a wide range of factors, which will influence the pharmacokinetics 

and biodistribution of liposomal formulations. The clearance of a liposome-associated 

drug from the blood is dependent on a) the rate of clearance of the liposomal carrier, 

b) the rate of dissociation of the drug from its liposomal carrier and c) the rate of 

clearance and metabolism of the free drug upon its release.  

 

2.3.3.1. Pharmacokinetics and biodistribution of the liposomal carrier 
 

Many variables affect this balance, such as the membrane composition and charge 

of the liposome, the particle size, the ligand-conjugation in targeted formulations or 

the drug to be encapsulated. Moreover, the dose, the dosing schedule and the route 

of administration may all vary the pharmacokinetics of the liposomal carrier. For 

example, the inclusion of cholesterol results in a decreased binding of plasma 

opsonins responsible for rapid clearance from the circulation, through stabilization of 

the liposomal phospholipid membranes (Chobanian et al., 1979). Fluidity of the 

membrane also plays an important role. Thus, liposomes containing saturated 

phospholipids displayed a longer circulation time in comparison to unsaturated ones. 
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Hydrogenated sphingomyelin and cholesterol were shown to improve the circulation 

time for both the nanocarrier an its encapsulated drug (Johnston et al., 2007). 

Pegylated liposomes represent an important advance in liposome technology, 

significantly increasing the variety of lipid compositions in the construction of 

liposomes, thus allowing for a wider range of drugs to be encapsulated, according to 

their various characteristics (Drummond et al., 1999). They seem to display less 

heterogeneity in their pharmacokinetic parameters compared to non-pegylated 

liposomes (Mross et al., 2004).  

 

Charged lipids also affect liposomal clearance, which is generally increased by high 

concentrations of either cationic or anionic lipids into the liposomal membrane. 

Anionic lipids lead to an increased accumulation of liposomes in the liver or the 

spleen (Drummond et al., 1999), while cationic lipids enhance the uptake in 

angiogenic blood vessels supporting tumors or in the blood brain barrier (Campbell et 

al., 2002). Poorly designed cationic liposomes may be very polymorphic and 

aggregate rapidly in the serum, thus leading to accumulation in the capillaries of the 

lung (McLean et al., 1997). Charge will also play a role in the stability of the 

encapsulation of various therapeutic agents. 

 

The role of the particle size in liposomes is well studied. Generally the clearance rate 

will increase with the increasing size of a liposomal carrier. Liposomes of 

approximately 100-120nm demonstrate optimum accumulation in many solid tumors 

(Drummond et al., 2008). Liposomes smaller in size (40-80nm) may show longer 

circulation times and an increased ability to extravasate, thus allowing a better 

accumulation in solid tumors. But due to higher clearance from the tumor as well, 

they seem to be less efficient in therapeutic designs (Drummond et al., 1999, Allen et 

al., 2006). Moreover, they are inherently instable and accumulate to a higher extent 

in hepatocytes (Litzinger et al., 1994).  

 

To increase the liposomal-, and consequently the entrapped drug accumulation in the 

desired tissues and organs, the use of targeted liposomes with surface-attached 

ligands (such as the use of Fab’s or scFvs on the liposome surface in 

immunoliposomes), capable of recognizing and binding to cells of interest has been 

suggested in numerous studies (Noble et al., 2004, Sapra et al., 2005). 
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2.3.3.2. Pharmacokinetics and biodistribution of the liposomal carrier and   
its encapsulated drug  
 

The efficiency by which the encapsulated drug is retained within - and subsequently 

released from its liposomal carrier exercises a great effect on the resulting 

pharmacokinetics. The rate of in vivo drug release influences the clearance from the 

blood, the biodistribution and thus the activity of the drug at its site of action and its 

observed toxicities (Allen et al., 2006). 

 

Therapeutic agents usually incorporated into liposomal carriers can grossly be 

divided into five groups: (1) water insoluble hydrophobic drugs, (2) amphiphatic weak 

bases, (3) amphiphatic weak acids, (4) highly water and membrane impermeable 

small molecular weight drugs and (5) polyions such as nucleic acids (Drummond et 

al., 2008). The most commonly studied and easily engineered group is that of the 

amphiphatic weak bases, including many of the campothecins, vinca alkaloids and 

the anthracyline group. Even within a given class of drugs, pharmacokinetic values 

may vary greatly. Thus, Vincristine, Vinorelbine or Vinblastine, all members of the 

vinca alkaloids, display very different release rates in vitro and in vivo (Zhigaltsev et 

al., 2005). 

 

Drug encapsulation methods are important in determining the in vivo stability of the 

different formulations. There is a wide range of incorporation methods varying from 

passive integration to gradient-controlled active loading. The most widely used 

technique employs transmembrane gradients and trapping agents to efficiently load 

and subsequently stabilize therapeutic agents in the liposomal lumen (Lasic et al., 

1995).  

 

It is generally assumed that encapsulation and delivery of liposomal formulations 

result in site-specific delivery of the therapeutic agent to the site of disease. Indeed, 

drugs retained in long circulating nanocarriers benefit from site-specific accumulation 

in the pathological sites such as tumors due to a discontinuous or otherwise more 

permeable microvasculature and a nonfunctioning lymphatic system. This “enhanced 

permeability and retention” effect will, as described earlier, lead to an altered 



Background 

 26 

biodistribution for the nanocarrier-associated drug accumulating at the site of 

disease, and a lower concentration accumulating in healthy tissues at potential sites 

of toxicity (Torchilin, 2005, Drummond et al., 2008). 

 
2.3.4. Different liposomal formulations 
 
Many different cytotoxic drugs are used for encapsulation in liposomal carriers. 

Vincristine was tested for antitumor efficacy in a human mammary tumor model and 

proved increasing antitumor activity at first but was less active in its highly stable 

formulation (Johnston et al., 2006). Moreover, Cisplatin, a hydrophilic drug with low 

membrane permeability was encapsulated into a liposome using direct entrapment 

methods. Unfortunately, its release from the liposome was so slow that no 

therapeutic efficiency could be demonstrated (Zamboni et al., 2004). Drummond et 

al. have reported a new loading technique to encapsulate Irinotecan (CPT-11) with 

unprecedented drug loading efficiency and in vivo drug retention (Drummond et al., 

2006). Finally pegylated Doxorubicin (Doxil®) is a liposomal formulation approved by 

the FDA for treatment of Kaposi sarcoma or ovarian cancer (Gabizon, 2001). 

 

Recently, triggered delivery of liposomal therapeutics, either through a stimulus-

induced increase in delivery of the liposomal carrier itself to the target site or as a 

result of increased drug release from the carrier has become an important point of 

interest for numerous studies (Drummond et al., 2008). As described above, ligand 

targeted liposomes, such as immunoliposomes allow for promising results in cancer 

studies (Mamot et al., 2005). Thermosensitive liposomes have been investigated in 

connection with Doxorubicin. As the liposomal carrier enters the locally heated tumor, 

Doxorubicin is rapidly released intravascular when exposed to mild hyperthermia (39-

42°C), exposing the tumor tissue to very high concentrations of drug (Needham, 

Dewhirst, 2001). Finally, various studies target the metabolic milieu of cancerous 

tissue. pH-sensitive lipids are integrated into the liposomal membrane, leading to its 

destabilization and release of its contents once in a mildly acidic environment of solid 

tumors (Yatvin et al., 1980). 

 

Due to their composition and size, liposomal carriers are versatile vehicles for both 

diagnostic and therapeutic agent delivery. They are readily modified to alter 
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membrane stability and to impart additional characteristics such as thermal or pH 

sensitivity. In addition, surface modification with peptides or antibodies can impart 

selective cell targeting useful for both diagnostic imaging and drug or gene delivery. 

Proven increased efficacy and safety of liposome encapsulated chemotherapeutic 

agents such as Doxorubicin suggests a role for combined, thernanostic liposomal 

agents, that can be used for diagnosis, staging, therapy and response assessment. 

 

2.4. The Enhanced Permeability and Retention effect (EPR-effect) 
 

Most solid tumors possess unique pathophysiological characteristics that are not 

observed in normal tissues or organs. Extensive angiogenesis and hence 

hypervasculature, leading to a defective - “leaky” - vascular architecture initiated by 

the tumor cells to enable a rapid tumor growth, was first described by Maeda et al. 

(Matsumura, Maeda, 1986). In addition to the disorganised tumour vasculature and 

the abnormally large fenestrations in the endothelium, tumor tissue features an 

impaired lymphatic system with a decreased lymphatic clearance (Jain, 1994). 

Moreover, tumor cells seem to produce a significantly increased number of 

permeability mediators to sustain an adequate supply of nutrients and oxygen for 

rapid tumor growth (Lopez-Davila et al., 2012). This phenomenon is known as the 

enhanced permeability and retention (EPR) effect. When designing a nanocarrier, the 

above-mentioned properties promote the accumulation of the carrier and its contents 

in solid tumor tissues rather than normal tissues, leading to an improved 

efficacy/toxicity profile in comparison to the free contents (Torchilin, 2007).  

 

 

Figure 3: Enhanced permeability and retention effect (adapted from (Torchilin, 2007)) 
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2.5. Optical Imaging 
 

2.5.1. Physical principles 
 

Light is a form of energy that results from excitation of electrons and comes in units 

called “photons“. There are different ways to excite electrons. Examples of light 

include generation through thermal energy (sunlight or electric light bulbs), through 

chemical reaction such as bioluminescence (fireflies or jellyfish) or through light itself, 

which can excite electrons, leading to the generation of fluorescence. The visible 

spectrum of photon wavelengths ranges from 400nm (violet) to 700nm (red). Light 

exists at wavelengths above (infrared) and below (ultraviolet) the visible spectrum, 

but the human eye is unable to see those wavelengths (Hassan, Klaunberg, 2004). 

 

The typical techniques of Optical Imaging widely performed today are 

bioluminescence and fluorescence imaging (Choy et al., 2003). 

 

Bioluminescence is the generation of light through an enzymatic reaction. The 

reaction in which luciferase oxidizes its substrate, luciferin, in the presence of ATP 

and oxygen, is associated with the emission of a photon (emission spectra: 400–620 

nm). Bioluminescent imaging is a technique to evaluate genetically modified cells that 

perform this enzymatic reaction. Different luciferase genes have been isolated from 

various organisms such as fireflies or jellyfish. The bioluminescent reaction leading to 

light emission does not require exogenous light sources, making for the biggest 

difference in comparison to fluorescent signal generation (Choy et al., 2003, Citrin, 

Camphausen, 2004). 

 

In fluorescence imaging, the tissue of interest is illuminated with an excitation 

frequency of light that results in the emission of photons from intrinsic or extrinsic 

probes within the tissue. When a fluorescence molecule (fluorophore) absorbs a 

photon, electrons in its outer shell are excited and lifted from the ground state to an 

excited state (S1’). Electrons rapidly relax to the lowest vibrational, thermically 

equilibrated excited level (S1). This process, which is called internal conversion, is 

usually complete prior to emission. Upon return to the initial ground state (S0) they 
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release energy, which is detected as fluorescence (Hassan, Klaunberg, 2004, 

Weisser, 2004, Lakowicz, 2010).  

 

The emitted photon has less energy and consequently a longer wavelength than the 

initially absorbed photon, leading to a color shift. Planck’s constant determines the 

wavelength of the released photon, which depends on the energy released by an 

electron as it returns to its ground state. The difference between the absorbed and 

emitted wavelength is called Stokes shift (Hassan, Klaunberg, 2004). 

 

 
Figure 4: (A) fluorescent principle for Optical Imaging (adapted from (Weisser, 2004)); (B) 

Stokes shift in fluorescent imaging (adapted from (Lakowicz, 2010)) (x-axis: wavelength 

(nm); y-axis: fluorescence intensity (RFU)) 

 

The basic principle of OI involves a similar technique to that underlying the 

acquisition of a “photograph,” thus employing an external light source that excites a 

fluorescent molecule (fluorophore) and a detector, which captures the molecule’s 

emission as it is resolved by an appropriate filter (Hassan, Klaunberg, 2004, Sutton 

et al., 2008).  

 

The excitation light source is usually a monochromatic laser. Lasers deliver excitation 

light at high intensities and offer a narrow, well-defined and adjustable light source at 

various wavelength bandwidths ranging from the deep red to near-infrared spectral 

windows (Ntziachristos et al., 2003, Sutton et al., 2008). Using a fiber-optic bundle, 

the laser output is delivered to a filter wheel assembly (Rice et al., 2001).  
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Filter selection depends on the type of imaging to be performed and requires careful 

selection to block out undesired wavelengths of light while maximizing detected 

signal from the fluorophore of interest (Choy et al., 2003). 

 

The hallmark of an optical imaging system is the cooled back-thinned and back-

illuminated integrating charge-coupled device (CCD) camera. CCD cameras offer 

high quantum efficiency, low noise levels and high spatial resolution (Choy G et al, 

2003). CCD cameras consist of thin silicon crystals sheets. These silicon-based 

cameras have a high sensitivity to light, thus allowing them to detect light in the 

visible to near-infrared range. CCD cameras convert photons at wavelengths 

between 400 and 1000 nm that strike a CCD pixel with energy of just 2–3 eV into 

electrons. The CCD chip (1024 x 1024 pixel) is very temperature sensitive, through 

cooling the CCD to -90°C, dark current as source of noise is reduced to insignificant 

levels (Choy et al., 2003, Massoud, Gambhir, 2003). 

 

A fluorophore is a naturally occurring or specially designed molecule. Fluorophores 

for OI should ideally fulfill some criteria in order to be suitable for in vivo optical 

imaging diagnostics. A desirable contrast agent is one that is small in size, exudes a 

bright signal (dependent upon the quantum yield and extinction coefficient), 

maintains photostability, possesses pH insensitivity, has a low background signal 

with prominent contrast-to-noise enhancement, should not dilute with cell division nor 

transfer to other cells and enables long-term cell tracking (long circulating half-life). 

The agent should be biocompatible and possess a tolerable toxicity profile (Sutton et 

al., 2008; Bremer et al., 2003). 

 

The number of available fluorescent agents is very broad and can grossly be divided 

into endogenous (intrinsic) and exogenous (extrinsic) probes. Two common intrinsic 

fluorescent probes are green fluorescent protein (GFP) and red fluorescent protein 

(DsRed). The domain of exogenous fluorescent probes encompasses both organic 

an inorganic hybrids comprising fluorescent dyes, colloidal quantum dots (inorganic 

fluorophores comprised of colloidal semiconductor cores surrounded by chemical 

coating) or bifunctional labels (which can be detected by two imaging modalities). 

The fluorescent dyes can further be subdivided into targeted and non-targeted 
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fluorochromes. For the targeted fluorophores, there are simple targeting-, cross-

linking- or enzyme activable “smart” probes (Weissleder et al., 1999, Tung, 2004). 

The non-targeted probes comprise hundreds of commercially available near-infrared 

fluorochromes. Compared to GFP or DsRed (which emit at wavelengths below or 

close to 600nm), fluorophores based on NIR dyes (emission wavelengths 650-

700nm) can traverse tissue very efficiently as the absorption by water and 

hemoglobin is relatively low (“diagnostic window”). As light travels through tissue, 

photons interact with organelles by absorption and scattering. Especially signals 

below 600nm are highly attenuated via absorption by hemoglobin, which absorbs 

light in the blue-green region of the spectrum. Scatter is the reflection of light due to 

various components of tissue, changing the linear path of propagating light within 

tissue (Bremer et al., 2003, Choy et al., 2003). Additionally, tissue is characterized by 

autofluorescence since low amounts of fluorophores, which absorb light and emit 

signals at higher wavelengths, are present in all tissues (flavins, collagen or elastin 

are known fluorophores) (Bremer et al., 2003). Thus, as depth penetration at lower 

wavelengths is a major limiting factor for in vivo imaging, ideal fluorophores should 

emit at wavelengths in this “diagnostic window” where interference signals are 

lowest. Cyanine dyes represent one of the most prominent categories of optical 

imaging agents, due to high extinction coefficients with the desired absorption and 

emission ranges throughout the visible to the NIR-range. Cyanine 5.5 (Cy5.5) or 

Indocyanine green (ICG) are prominent examples of such non-specific NIR 

fluorochromes, which have been subject to intense research endeavors over the past 

years (Licha et al., 2000, Bornhop et al., 2001). 

 
2.5.2. ADS Near-infrared dyes 
 

ADS645WS (C33H41N2O6S2Na) (American Dye Source Inc., Québec, CA) is a non-

targeted, hydrophilic, anionic, cyanine laser dye with a molecular weight of 

648,82g/mol and excitation/emission maximums of 641/661 nm respectively 

(American Dye Source Product Information).  
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Figure 5: Absorption spectrum of ADS645WS: C33H41N2O6S2Na (American Dye Source Inc., 

Laser dyes; Product Information) 

 
2.5.3. Applications of Optical Imaging in Cancer research 
 

Optical Imaging encompasses numerous techniques and methods and has a large 

range of applications. Major advantages in comparison to other imaging modalities 

consist of its relatively inexpensive and rapid image generation. Moreover, it is 

noninvasive, has molecular sensitivity and relinquishes from ionizing radiation (Citrin, 

Camphausen, 2004, Sutton et al., 2008).  

 

The major limiting factors are the physical properties of imaged structures that 

continue to affect the penetration of light through absorption or scattering. Thus, the 

resulting fluorescent signals are dependent on the proximity of the contrast agent to 

the surface and the deployment of the “diagnostic imaging window” in the near-

infrared spectrum (Licha, Olbrich, 2005).  

 

New technological advances are helping to overcome the above-described 

limitations, allowing for better signal-to-noise ratio or improvement of the data 

produced.  

 

There are numerous applications of OI in cancer research such as monitoring tumor 

growth, treatment, or the proliferation of metastatic disease. Numerous studies have 

demonstrated the capability to non-invasively monitor tumor cell proliferation in 

various animal models (Edinger et al., 1999, Sweeney et al., 1999) or tested anti-

cancer therapies through monitoring the efficiency of chemotherapy, cytokine or 
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immunotherapy (Licha, Olbrich, 2005). Drug trafficking and kinetics have also been 

studied through the in vivo observation of the anti-angiogenic peptide endostatin, 

conjugated with Cy5.5, which was injected into tumor bearing mice (Citrin et al., 

2004). Moreover, a study lead by Bremer et al. showed that different proteases, such 

as matrix-metalloproteinases (involved in enzymatic cascades yielding to digest 

extracellular matrix and facilitate metastatic cell spread) can be visualized by using 

“smart” enzyme-activable probes (Bremer et al., 2001). 

 

These new methods improve the technique that is OI and may lead to the use of in 

vivo fluorescence imaging for example in surgical biopsy. Real-time intraoperative 

imaging systems displaying both anatomy (color video image) and functional tissue 

behavior (with NIR fluorescence) imaging have been tested (Nakayama et al., 2002). 

Moreover, a combination of endoscopic or laparoscopic devices with optical fibers for 

fluorochrome detection in vivo may be envisioned for gastroenterological clinical 

practice (Costamagna, Marchese, 2010, Wallace, Kiesslich, 2010). In addition, new 

imaging devices allow for the study of fluorescence lifetime in response to metabolic 

conditions, which may lead to early tumor detection since the metabolic parameters 

of tumor tissue differ from those of healthy tissue (Hassan, Klaunberg, 2004, Zhang 

et al., 2010). 
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2.5.4. Specifications for the IVISTM 50 (Lumina) imaging system 
 

 
Figure 6: (A) An illustration of the Xenogen IVISTM 50 (Lumina) Optical Imaging system 

used in the experimental setup; (B) Standard fluorescent filter sets; (C) Imaging system 

component specifications (all adapted from Xenogen Product Information, Alameda, CA, 

USA) 

 

The CCD camera, filter wheel and excitation light source are mounted to a light-tight 

chamber. Light is collected from the specimen and imaged onto the CCD. The 

sample stage may be moved to vary the field of view (FOV). The sample stage, lens 

focus, f/stop and filter wheel are motor controlled through Xenogen’s Living Image® 

software. Light emitting diodes (LEDs) are located on the top plate to illuminate the 

specimen for photographic images. Additional features include a gas anesthesia 

system and a heat sample shelf to help maintain an animal’s body heat during the 

imaging process (Rice et al., 2001). 
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3. Materials and Methods 
 

3.1. In vitro experiments 
 
3.1.1. Spectrophotometry: data acquisition 
 
3.1.1.1. Spectrophotometry of Doxorubicin and Doxil® 
 

For the preliminary fluorescence characterizations of Doxorubicin, which has a well-

documented intrinsic fluorescence (Cay et al., 1997) and Doxil®, Spectrophotometry 

(Molecular Device Spectro Max Fluorescence Plate Reader and Spectro Pro 5.0.1 

software) is used to confirm the excitation and emission profiles of the two cytotoxic 

drugs.  

 

Doxorubicin, a standard FDA-approved cytotoxic agent is obtained as a stock 

solution with a concentration of 2mg/mL Doxorubicin hydrochloride diluted in 0,9% 

sodium chloride (Ben Venue Laboratories-Novation, Bedford, OH, USA). It has a 

molecular mass (Mm) of 543,52g/mol and a molarity (M) of 3,68x10-3mol/L (∼3,70x10-

3mol/L). A dilution series is obtained starting at a molarity of 80µM and is 

subsequently diluted with 10% PBS to 40µM, 20µM, 10µM, 5µM, 2,5µM, 1,25µM and 

a control series of 0µM.  

 

Pegylated liposomal Doxorubicin, a new, recently FDA-approved cytotoxic drug, is 

also obtained as a stock solution at a concentration of 2mg/mL (Doxil®, Ben Venue 

Laboratories, Bedford, OH). The stock solution of Doxil® has an approximate molarity 

of 3,70x10-3mol/L as determined by Beer's law (Absorption(Abs) = extinction 

coefficient(ε) x concentration(c) x length(l)). Again, a dilution series is obtained 

starting at a molarity of 80µM and is subsequently diluted with 10% PBS to 40µM, 

20µM, 10µM, 5µM, 2,5µM, 1,25µM and a control series of 0µM.  
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3.1.1.2. Spectrophotometry of ADS-Liposomal dyes 
 

Three different near-infrared dyes (American Dye Source, Inc. Quebec, CA), namely 

ADS645WS (Mm 648,82g/mol), ADS780WS (Mm 667,12g/mol) and ADS780NH2 

(Mm 1089g/mol), which have been encapsulated to form a liposomal formulation 

(ADS645WS-Ls, ADS780WS-Ls and ADS780NH2-Ls), are kindly provided by 

Hermes Biosciences Inc. (South San Francisco, CA). The liposomal dyes are 

analyzed by Spectrophotometry (U-2800 Spectrophotometer, Hitachi High 

Technologies America, San Jose, CA, USA). A wavelength scan with a starting 

wavelength of 900nm and an ending wavelength of 360nm is performed. The scan 

speed is determined at 100nm/min; the sampling interval is 1nm, the slit width 1,5nm 

and the path length (l) 10mm. These settings are kept throughout the entire 

experiments.  

 

For ADS645WS-Ls, a 20µL solution is diluted in 1010µL of 10% Triton-X-100; a 

surfactant used to break up the liposomal formulation and release the dye's 

fluorescence for spectrophotometric analysis (Largueze et al., 2010). 10µL of 

ADS780WS-Ls and 50µL of ADS780NH2-Ls are diluted in 1000µL of 10% Triton-X-

100 respectively.  

 
3.1.2. Optical Imaging: data acquisition 
 
The Optical Imager IVIS 50 (IVIS 50 Imaging system Xenogen, Alameda, CA, USA) 

is used throughout all the imaging procedures. The following steps have arbitrarily 

been chosen and need to be followed closely to guarantee accurate image 

acquisition for all experiments:  

The IVIS Living Image software is started on the computer connected to the IVIS 50. 

The initialize IVIS system shows if the CCD has cooled down accurately and reached 

an adequate temperature for imaging purposes. The sequential mode (if a sequential 

image is wanted) is selected, as well as the camera settings for the image using the 

software's control panel, adjusting the following: the exposure time is determined 

confirming that the signal of interest is below the CCD saturation, the binning is set at 

medium (4), f-stop at 2, an overlay image (meaning that a photographic image is 

directly followed by a fluorescent image, creating an overlay of the two images) is 
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obtained, FOV is set at D=12cmx12cm and the approximate subject height 

determined. Then, the required filter sets are chosen for the acquisition of image one 

and two in the sequential mode.  

 
For in vitro imaging, black polystyrene 96 well plates are used to reduce the 

autofluorescence of the material to a minimum amount. In the first step of the Optical 

Imaging of the various cytotoxic drugs or liposomal formulations, only the empty 

black polystyrene 96 well plate, centered exactly in the middle under the CCD 

camera, is imaged. This is needed for image correction later on in the experiments 

(Xenogen, Living Image Software Manual, Version 2.50, 2004, p.127).  

 
3.1.2.1. Optical Imaging of Doxorubicin and Doxil® 
 

To determine the fluorescence characteristics of Doxorubicin and Doxil® in the 

Optical Imager, a triplicate dilution series is obtained. For Doxorubicin, the initial 

concentration is ∼3700µM (3680µM), followed by dilution steps to a concentration of 

1000µM, 500µM, 100µM, 50µM, 25µM, 12,5µM and a control of 0µM using 10% PBS 

as diluting agent. The same procedure is used for the dilution series of Doxil®. 

 

3x8 wells, containing 200µL of the different concentrations of Doxorubicin and Doxil® 

are pipetted on the plates. These dilution triplicates are imaged using different filter 

set combinations for data gathering. Five settings are chosen to analyze the 

characteristics of fluorescent imaging of Doxorubicin and Doxil® with Optical Imaging. 

For the first three combinations, single sequence images without background 

subtraction are obtained; the different filter sets being GFP as excitation and 

emission filter, DsRed as excitation and emission filter and GFP as excitation and 

DsRed as emission filter for the third imaging. The last two settings are sequential 

images, using the background filter (bkg) in addition to the excitation and emission 

filters for potential autofluorescence subtraction in further image analyses. The two 

sequential combinations used include the following filter set combinations: DsRed for 

excitation and emission- as well as DsRed bkg/DsRed as background filter. The 

second image is obtained with GFP as excitation filter, DsRed for the emission 

capture and GFP bkg/GFP as background filter. The exposure time is set at 1,5sec in 
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all five settings. Image analysis is performed as described under 3.4.1. Optical 

Imaging: in vitro data analysis. 

 

3.1.2.2. Optical Imaging of ADS and ADS-Liposomal Near-Infrared-dyes 
 

To determine the fluorescence characteristics of the NIR dyes and their liposomal 

formulations in the Optical Imager, triplicate dilution series (3x8 wells of 200µL of the 

respective dye) in black polystyrene 96 well plates are obtained. For ADS645WS, the 

initial concentration is 2500µM, followed by dilution steps to a concentration of 

1000µM, 500µM, 100µM, 50µM, 25µM, 12,5µM and a control of 0µM using 10% PBS 

as diluting agent. For the ADS645WS-Ls solution, the initial dye based concentration 

is ~100µM (97,5µM), followed by dilution steps to concentrations of 50µM, 25µM, 

12,5µM, 6,25µM, 3,125µM, 1,5625µM and a control concentration of 0µM. 

ADS780WS-Ls is at an initial concentration of ~1900µM (1942µM) and further diluted 

to concentrations of 1000µM, 500µM, 100µM, 50µM, 25µM, 12,5µM and a control of 

0µM. The sample concentration for ADS780NH2-Ls is ~100µM (175µM); it is diluted 

to concentrations of 50µM, 25µM, 12,5µM, 6,25µM, 3,125µM, 1,5625µM and a 

control of 0µM. For all the liposomal dyes dilution series’, 10% PBS as well as 10% 

Triton-X-100 is used as diluting agent.  

 

According to the excitation and emission wavelengths of the different dyes used, the 

corresponding filter sets are chosen. For ADS645WS and ADS645WS-Ls, the Cy5.5 

filter set meets the imaging requirements whereas ICG is the filter set chosen for 

ADS780WS-Ls as well as for ADS780NH2-Ls data acquisition.  

 

For the experiments in the IVIS 50, different settings are tried out to determine the 

characteristics of the dye best suited for further imaging. In a first approach, an 

imaging series of the ADS645WS dye diluted in PBS is acquired. Cy5.5 is used as a 

filter set for excitation, emission and background filters. The exposure time is set at 

0,5sec, 1sec and 2sec respectively. Another image is acquired with the Cy5.5 filter 

set, this time using only the excitation and emission set without the use of the 

background filter. The exposure time for this image is set at 2sec, according to the 

time for the in vivo experiments.  
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Continuing with the Cy5.5 filter set, using the excitation, emission and background 

filters; the liposomal formulation of ADS645WS, ADS645WS-Ls is imaged. Here, as 

described above, two different dilution series, one with PBS, the other one with 

Triton-X 100 are analyzed. For the PBS series, exposure times of 0,5sec and 2sec 

are obtained, for the Triton-X 100 series the exposure time is limited to 0,5sec since 

bleaching occurs at higher exposures due to high values of fluorescence and 

therefore image saturation (Xenogen, Living Image Software Manual, Version 2.50, 

2004, p.82).  

 

The same sequence of imaging is obtained for ADS780WS-Ls and ADS780NH2-Ls, 

using the ICG filter set for these dyes; including the excitation, emission and 

background filters. The dyes are divided into two dilution series each, one being PBS 

the other one Triton-X 100 as previously described. For the PBS series, an exposure 

time of 2sec is chosen, in contrary to this, a maximum exposure time of 0,5sec is 

tolerated for the dilution series containing Triton-X 100, again, due to image 

saturation. Image analysis is performed as described under 3.4.1. Optical Imaging: in 

vitro data analysis. 

 
3.1.2.3. Optical Imaging of co-loaded ADS-cytotoxic drug-Liposomal dyes 
 

A dilution series with ADS645WS-Doxorubicin-Ls is obtained, basing the starting 

concentration of the dilution on the dye, which is at an initial concentration of 100µM 

for ADS645WS. Two triplicate dilution series, one with 10% PBS and the other one 

with 10% Triton-X 100, with a starting concentration of 100µM, and dilution steps to 

50µM, 25µM, 12,5µM, 6,5µM, 3,125µM, 1,5625µM and including a control well, are 

placed onto a black polystyrene 96 well plate. 

 

Three different filter sets are used to determine the fluorescent characteristics of the 

co-loaded drug-dye combination in the Optical Imager.  

 

In a first approach, in order to catch the dye's fluorescence, the Cy5.5 filter set is 

used for excitation, emission and background filters. Then, for Doxorubicin's 

characteristics, two different settings are chosen; first, DsRed is used as single filter 

set, for excitation, emission as well as for background subtraction. In the third image, 
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the previously used combination of GFP as excitation and background filter with 

DsRed as emission filter is chosen.  

 

Exposure times vary between 0,5sec, 1 sec and 2sec for the imaging series.  

Image analysis is performed as described under 3.4.1. Optical Imaging: in vitro data 

analysis. 

 

3.2. In vivo experiments 

 

3.2.1. Animal models 
 

The Institutional Animal Care and Use Committee (IACUC) at the University of San 

Francisco, California approved this study (permission number: AN076403-1A) and it 

was performed in accordance with the National Institutes of Health guidelines for the 

humane care and use of laboratory animals as described in the Guide for the Care 

and Use of Laboratory Animals (National Institutes of Health, Vol 25, No. 28, revised 

1996).  

 

For the in vivo experiments, twelve (12) 4-6 week old female nude athymic rats with 

an approximate weight of 200g are used (Harlan Laboratories Inc., Indianapolis, IN, 

USA). 

 

The animals are kept in makrolon-cages with a grid-device cover plate in groups of 

three. The cage straw consisting of scrap of paper is changed weekly. Water and 

food are available ad libitum. The cages are kept in windowless rooms where the day 

and night rhythm is generated through an automatic illumination program. The day 

and night phases are changed every 12 hours, a dawn period is absent. The keeping 

of animals takes place under sterile conditions in single-ventilated cages in an air-

conditioned room at 22°C and a relative atmospheric humidity of 29%. All rats are 

transported to the Optical Imager in their normal cages covered with a white blanket 

to reduce stress exposure to the animals. 
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3.2.2. Anesthesiology  
 
All animals are anesthetized with Isoflurane (Isofluo, Abbott Lab, IL, USA) for cell 

implantation procedures as well as for Optical Imaging studies. For anesthesia 

induction, the animals are put in an airtight transparent plastic box connected to the 

Isoflurane- and an Oxygen source. The anesthesia induction dose is 5%, the 

maintenance dose throughout the experiments 2% for all animals. After five to ten 

minutes, unconsciousness sets in. The animals are then transferred from the plastic 

box to the Optical Imager, which is also connected to the Isoflurane- and Oxygen 

source, and placed so that their mouth and nose fit in specially designed mouth 

pieces to maintain anesthesia during the imaging process. For tail vein injections, the 

rats are placed on a table provided with mouthpieces connected to Isoflurane and 

Oxygen reservoirs.  

 

After the Isoflurane supply is turned off, the animals regain consciousness after 

approximately five minutes. They are then placed in their respective cages for full 

recovery and closely supervised. The anesthesia shows no behavioral alteration in 

the animals.  

 
3.2.3. Tumor model 
 

Twelve (12) 4-6 week old female athymic nude Harlan rats receive subcutaneous 

injections of 5X106 IGROV-1 ovarian cancer cells in phosphate buffered saline into 

the upper right abdominal quadrant or right lower flank. The tumor growth is 

monitored by daily inspection and palpation. The tumors are allowed to grow for 4 

weeks up to a size of 0,5-1cm2. Approximately one week before the Optical Imaging 

studies, the animals are put on a special non-fluorescent diet (2014, Harlan Teklad, 

Indianapolis, IN, USA) free of alfalfa, the component which was determined to 

interfere in the NIR wavelength of the investigated dyes (Bouchard et al., 2007).  

 

The IGROV-1 ovarian cancer cell line is obtained from the Cell culture facility at the 

UCSF and cells are cultured in RPMI medium (Cell culture facility, UCSF, CA, USA), 

supplemented with 5% FCS and 1% Penicillin-Streptomycin. The cells are 

maintained in a humidified area of 5% CO2 at 37°C. The cells grow in T-220 flasks 
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until a confluent layer of approximately 95% is obtained. For imaging experiments, 

the cells undergo the following steps: the media is removed from the flask and the 

cells are washed with PBS. Then, 7,5mL of trypsin is added to the mono-layered 

cells for 7 minutes. To neutralize the trypsin, 7mL of media is added to the cells; the 

detached monolayer is removed from the flask and put into a vial. The cells are 

centrifuged for 5 min at 400 RCF. The supernatant is removed from the centrifuged 

vial and re-suspended in 20mL. The cells are counted using Neubauer's counting 

chamber. Then, they are centrifuged again for 5 min at 400 RCF, re-suspended in 

6mL, centrifuged for 5 min at 400 RCF and re-suspended a last time in 3,5mL of 

media. In the last step, the cells are tested for viability with the trypan blue exclusion 

test (Contrast Media Laboratory Protocol, China Basin, UCSF, CA, USA). 

 

 
Figure 7: Subcutaneous injection of 5X106 IGROV-1 ovarian cancer cells in phosphate 

buffered saline into the rat’s right lower flank. 

 

3.2.4. Injection of fluorescent dyes 
 

For the intravenous injections, calculated doses in relation to the rats' body weight 

are administered in the lateral tail veins. The rats are anesthetized as previously 

described and placed in lateral position while anesthesia is continued. The tail is 

disinfected with Cutasept® and the respective fluorescent dye is injected using 

medical syringes and hypodermic needles.  
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Figure 8: Tail vein injection of the respective fluorescent dyes 

 

3.2.5. Optical Imaging: data acquisition 
 

For the in vivo imaging procedures, the animals are anesthetized and well placed in 

the center of the stage in the imaging chamber. The image sequence may now be 

acquired and corrected according to the imaging protocol, as described earlier under 

3.1.2. Optical Imaging: data acquisition. 
 

 
Figure 9: Rat placement in the Optical Imager (IVIS 50) and data acquisition with Living 

Image 2.50 software (Xenogen, Alameda, CA, USA) 
 

3.2.5.1. Optical Imaging of Doxorubicin and Doxil® 
 

In the preliminary steps of in vivo imaging, a trial of three rats receiving an 

intravenous injection of Doxorubicin (n=2) and Doxil® (n=1) is performed. Doxorubicin 

and Doxil® are obtained as a stock solution with a concentration of 2mg/mL (Ben 

Venue Laboratories-Novation, Bedford, OH, USA). A loading dose of 10mg/kg is 

injected into 200g rats, leading to an injection volume of 1mL/rat. The three rats are 



Materials and Methods 

 44 

imaged with the IVIS 50 Optical Imager at various time points: pre-injection image, 

30min post injection (pi), 1h pi, 2h pi, 4h pi, 6h pi, 24h pi and 48h pi.  

Two filter set combinations are used for data acquisition: DsRed for excitation, 

emission as well as for background subtraction and in the second imaging series, 

GFP as excitation and background filter and DsRed for the emission capturing. The 

exposure time is set at 1,5sec. Data analysis is performed as described under 3.4.2. 

Optical Imaging: in vivo data analysis. 
 

3.2.5.2. Optical Imaging of ADS645WS-Liposome  
 

For the imaging of the in vivo fluorescent characteristics of ADS645WS-Ls, two (n=2) 

200g rats receive an intravenous injection of 906µL of ADS645WS-Ls. The liposomal 

dye formulation provided by Hermes Biosciences Inc. (South San Francisco, CA, 

USA) contains a phospholipid amount of 11,01mM. When adjusting the concentration 

of phospholipid of the ADS645WS-Ls formulation to inject a 7,5mg/kg dose of 

Doxorubicin in the clinically used pegylated liposomal Doxorubicin, the amount of 

ADS645WS-Ls to be injected should be at a dose of 50µmol of phospholipid/kg, 

which amounts to 10µmol phospholipid and thus 906µL in a 200g rat.  

 

Again, various imaging time points are chosen, starting with a pre-injection image 

and post injection imaging times of 30min, 1h, 2h, 4h, 6h, 8h, 24h, 48h, 72h and 96h.  

All the images are acquired using the Cy5.5 filter set (excitation-, emission- and 

background filter). Exposure times of 1sec and 2sec are obtained for every image. 

The animals are put on a special non-fluorescent diet approximately one week before 

the optical imaging studies due to the fluorescent interference as described above. 

Data analysis is performed as described under 3.4.2. Optical Imaging: in vivo data 

analysis. 

 

3.2.5.3. Optical Imaging of ADS645WS-Doxorubicin-Liposome 
 

Throughout all the imaging experiments using ADS645WS-Doxorubicin-Ls, the 

following parameters are kept constant: the Cy5.5 filter (excitation-, emission-, 

background filter) is the arbitrarily chosen filter set, the exposure time is put at 

1,5sec. 
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Seven rats (n=7) are imaged in the ADS645WS-Doxorubicin-Ls cohort, receiving 

intravenous injections ranging from 0,8mL to 1mL according to their weight, of the co-

loaded liposomal formulation, at a Doxorubicin dose of 7,5mg/kg, an ADS645WS 

concentration of 0,44mg/mL and a phospholipid amount of 50µmol/kg with liposome 

samples at 11,01mM.  

 

A pre-injection image is obtained, as well as seven post injection images at 30min, 

1h, 2h, 4h, 8h, 24h and 48h. Data analysis is performed as described under 3.4.2. 

Optical Imaging: in vivo data analysis. 
 

3.3. Histology 
 

3.3.1. Tumor specimen: data acquisition 
 

The tumors of the animals used for preliminary data gathering of Doxorubicin's and 

ADS645WS-Ls's fluorescent and pharmacokinetic characteristics are not obtained 

and analyzed for histopathologic and fluorescent microscopic information acquisition. 

 

As for the animals injected with ADS645WS-Doxorubicin-Ls, the extraction of the 

tumors is performed on all the animals after they have been sacrificed. First, the skin 

is removed until the subcutaneous tumor location is visible on the right lower 

abdomen. The vessel supply formation is documented after which the tumors are 

excised as a whole.  

 

 
Figure 10: Macroscopic tumor visualization and demonstration of the vessel supply 
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They are then processed in order to obtain histopathological H&E staining (according 

to the H&E staining protocol of the AIDS and cancer specimen resource (ACSR) at 

the UCSF Mt. Zion Medical Center): The tumor specimens are kept in 24% buffered 

formalin for 24h, after which they are washed with PBS. The specimens are then put 

in 35% and 45% alcohol for 45 minutes respectively and eventually placed in 70% 

alcohol for conservation. The tumor specimens are cut into 10µm thick sections, 

placed on Superfrost/Plus slides and heated in a 50 to 55°C oven until they are dry. 

The obtained slides are deparaffinized for three times five minutes in Xylene, before 

they are rehydrated in graded alcohol series for two minutes each (100%, 100%, 

95%, 95%, 70% and double distilled H2O (ddH2O). Then, they are stained in filtered 

modified Mayer's Hematoxylin diluted in 1:2 ddH2O for three minutes. Afterwards, the 

slices are rinsed in a cool running water bath until the water clears (approx. 5 

minutes). Lasting six minutes, the slides are stained in undiluted Harris Hematoxylin 

then briefly washed in warm running tap water. The excess stain is removed by a 

quick dip in acid alcohol (1% HCl in 70% Ethanol) and quickly rinsed again in tap 

water. In the next preparation step, the slides are washed in bluing reagent for 10-15 

dips in ammonia water (several drops of ammonia in tap water) and subsequently 

rinsed in tap water. The Eosin stain is obtained exposing the slides to Y Phloxine B 

for thirty seconds followed by dipping them three times into 95% Ethanol. Finally, the 

slides are dehydrated in a graded alcohol series (95%, 95%, 100% and 100%) for 

two minutes each, and cleared in Xylene for five minutes.  
 

3.4. Data analysis 
 

For quantitative analyses of OI data, the acquired images are analyzed with 

Xenogen’s Living Image 2.50 software (Xenogen, Alameda, CA, USA) integrated with 

Igorpro (Wavemetrics, Lake Oswego, OR, USA). The images are corrected for 

background signal (if a sequential image is obtained) to subtract unwanted 

instrumental background fluorescence due to optics of the chamber or residual light 

leakage through the filter. They are then normalized to units of efficiency, meaning 

that the fluorescent emission image is normalized (divided) by a stored reference 

illumination image of the excitation light intensity (thus images are unitless). The 

value of each pixel in an efficiency image represents the fractional ratio of fluorescent 

emitted photons per incident excitation photons. Finally, the images are scaled for 
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data presentation and regions of interest (ROI), defined as 50% of the peak 

maximum signal intensity by the ROI software, are determined. Two separate 

observers analyze all the acquired images.  
 

3.4.1. Optical Imaging: in vitro data analysis 
 

For the in vitro experimental setup, all Optical Imaging data is scaled to identical 

values (maximum value: 600x10-6 units of efficiency, minimum value: 50x10-6 units of 

efficiency).  

 

ROIs are determined as circular area of each plate well in the 96-well plates (0,75cm 

x 0,75cm), leading to 24 ROIs for every dilution series.  
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Figure 11: Optical Imaging of Doxorubicin dilution series and determination of regions of 

interest - Example of in vitro data acquisition and data analysis: (A) Optical Imaging of 

Doxorubicin dilution series in PBS (from 0µM to 3700µM). The DsRed filter set is used for 

excitation, emission and background subtraction. (B) Regions of interest are drawn over 

each well plate and the fluorescence intensity is determined in units of average efficiency. 

(C) A graph according to the regions of interest is drawn for concentrations ranging from 0µM 

to 500µM. Fluorescence intensity (Y-axis) is determined at each concentration point (X-axis). 

Fluorescence intensity is measured in units of efficiency; error bars represent standard 

deviation of the mean.  

 
3.4.2. Optical Imaging: in vivo data analysis 
 

For the images acquired in the in vivo part of the study, scaling varies for Doxorubicin 
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and Doxil® (maximum value: 100x10-6 units of efficiency, minimum value: 10x10-6 

units of efficiency), ADS645WS-Ls (maximum value: 200x10-6 units of efficiency, 

minimum value: 50x10-6 units of efficiency) and for ADS645WS-Doxorubicin-Ls 

(maximum value: 150x10-6 units of efficiency, minimum value: 10x10-6 units of 

efficiency).  
 

For the region of interest determination, a measurement ROI (1,20cm x 1,25cm) as 

well as a background ROI (1,71cm x 1,71cm) are defined. When this background 

ROI is linked to the measurement ROI, subtraction of the average signal in the 

background ROI from the average signal in the measurement ROI is performed 

(measurement ROI-background ROI) and helps to reduce fluorescence signal 

disturbance due to tissue autofluorescence (Xenogen, Living Image Software 

Manual, Version 2.50, 2004, p.84). 

 

For the determination of the fluorescent signal intensity at various time points in 

comparison to the pre-injection time point, the measurement region of interest is 

placed over the fluorescent signal region from the tumor tissue and the background 

ROI over a non-signal emitting tissue area are arbitrarily defined for every animal at 

every imaging time point (shown in Figure 12). 

 

For the comparison of fluorescence signal enhancement over ovarian cancer tissue 

region to fluorescence intensity over control animal tissue, two measurement- and 

one background ROI are defined. The first measurement and background couple is 

determined as described above, over tumor tissue for the measurement ROI and 

over a non-emitting region for the background ROI. For the second couple, a 

measurement ROI is placed over the left lower flank as well as a corresponding 

background ROI over the same non-emitting region as for the first couple (not 

shown).  
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Figure 12: Optical Imaging of fluorescent signal intensity after injection of a liposomal 

formulation and determination of regions of interest - Example of in vivo Optical Imaging data 

acquisition and data analysis: (A) Optical Imaging of an IGROV-1 injected rat after 

administration ADS645WS-Liposome. Arrow indicates approximate tumor location. The 

Cy5.5 filter set is used for excitation, emission and background subtraction. (B) A 

measurement region of interest is placed over the fluorescent signal area from the tumor 

tissue at each time point. Then a background region of interest is placed and can reduce the 

effect of the background emission on region of interest measurements. (C) A graph 

according to the regions of interest is drawn for each rat at each time point. Fluorescence 

intensity (representing the average post-injection-pre-injection fluorescence) (Y-axis) is 

determined at each time point (X-axis). The fluorescence intensity is determined in units of 

efficiency; error bars represent standard deviation of the mean. 
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3.5. Statistical analysis 
 

All in vitro experiments are performed in triplicates. All data is displayed as mean +/- 

standard deviation of the mean (SDM). Student t-tests are used to detect significant 

differences in fluorescence of the ADS645WS-Doxorubicin-Ls dilution series in 

comparison to control media (in vitro data) and in ovarian cancer tissue in 

comparison to control animal tissue for the whole ADS645WS-Doxorubicin-Ls group 

(n=7) and an arbitrarily defined sub-group (n=3). Moreover, the ratio of post-injection 

fluorescent signal enhancement in tumor tissue at various time points in comparison 

to the pre-injection fluorescent signal intensity (FSI post-injection/pre-injection), again 

for n=7 and n=3, is calculated (in vivo data). A p-value of less than 0,05 is considered 

to be statistically significant. All statistical calculations are obtained with Microsoft 

Office Excel (Microsoft Corporation, Redmond, WA, USA).  
 

For the in vitro analysis, an unpaired two-tailed t-test is performed. The triplicate 

(n=3) of every concentration point is compared to the control triplicate (n=3).  

 

For the in vivo analysis, two different setups are evaluated as described above. For 

the FSI post-injection/pre-injection ratio, a paired two-tailed t-test is used. In a second 

analysis, the ovarian cancer region (right lower flank, region of interest 1) is 

compared to control tissue of the same animal (left lower flank, region of interest 2) at 

every imaging time point (n=7 and n=3). For this data, a paired two-tailed t-test is 

performed as well.  

 

Since the Doxorubicin, Doxil® and ADS-Ls studies only constitute preliminary data 

acquisition and lack subject quantity, no statistical analysis is obtained for these 

samples in vitro or in vivo.  
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4. Results 
 
4.1. In vitro experiments 
 
4.1.1. Spectrophotometry  
 

4.1.1.1. Spectrophotometry of Doxorubicin and Doxil® 

 
Even though Doxorubicin has a well-documented fluorescence, we determined its 

wavelength pattern with the excitation maximum at 485nm and the emission 

maximum at 592nm. For Doxil®, the wavelength profile ranges from 490nm to 

610nm. All data is acquired with a plate reader and its software (Molecular device 

Spectro Max Fluorescence Plate Reader and Spectro Pro 5.0.1 software). 
 

 
Figure 13: Excitation and Emission profile of Doxorubicin (x-axis: wavelength (nm); y-axis: 

relative fluorescence units (RFU)) 



Results 

 53 

 
Figure 14: Excitation and Emission profile of Doxil® (x-axis: wavelength (nm); y-axis: 

relative fluorescence units (RFU)) 
 

4.1.1.2. Spectrophotometry of ADS-Liposomal dyes 
 

The U-2800 Spectrophotometer (Hitachi High Technologies America, San Jose, CA) 

is used throughout the whole experimental setup and the settings as described in 

“3.1.1.2. Spectrophotometry of ADS-Liposomal dyes” are kept constant. 

 

For the ADS645WS-Ls dye, the scan result shows an absorption maximum (Abs) of 

0,349 at 654nm with an extinction coefficient of ε=1,80x105L/molxcm. The 

concentration of the sample in the Spectrophotometer's cuvette is determined by 

Beer's Law to a molarity of 1,93x10-3mM; leading to an actual concentration of 

97,5µM (∼100µM).  
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Figure 15: Spectrophotometry of ADS645WS-Liposome (x-axis: wavelength (nm); y-axis: 

absorption) 
 

For ADS780WS-Ls, an absorption maximum of 1,65 at 796nm with an extinction 

coefficient of ε=1,70x105L/molxcm is obtained. The concentration of the sample in 

the cuvette shows a molarity of 9,71x10-3mM leading to an actual concentration of 

1942µM (∼1900µM). 

 

 
Figure 16: Spectrophotometry of ADS780WS-Liposome (x-axis: wavelength (nm); y-axis: 

absorption) 

 

For ADS780NH2-Ls the absorption maximum is at 1,328 at 794nm with an extinction 

coefficient of ε=1,52x105L/molxcm. The sample's concentration in the cuvette having 

a molarity of 8,75x10-3mM, leads to an actual concentration of 175µM (∼100µM) once 

again determined by Beer's Law. 
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Figure 17: Spectrophotometry of ADS780NH2-Liposome (x-axis: wavelength (nm); y-axis: 

absorption) 
 

The emission (Em.) profiles of the three liposomal dyes used are kindly provided by 

Hermes Biosciences Inc. (South San Francisco, CA). For ADS645WS-Ls, an 

emission of 660nm is determined. For ADS780WS-Ls and ADS780NH2-Ls the 

profiles are Ex.: 796nm/Em.: 820nm and Ex.: 794nm/Em.: 812nm respectively. 
 

4.1.2. Optical Imaging: data analysis 
 

After testing various filter set combinations in the preliminary data acquisition, the 

filter sets for the in vitro data analysis are chosen as follows: the DsRed filter set 

(excitation, emission as well as background subtraction) is used for all Doxorubicin 

and Doxil® images. The Cy5.5 filter set (excitation, emission, background subtraction) 

is used for all ADS645 images and the ICG filter set (excitation, emission, 

background subtraction) for all ADS780 data. All in vitro experiments are performed 

in triplicates. Data is displayed as means plus/minus the standard deviation of the 

mean (SDM). 
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4.1.2.1. Optical Imaging of Doxorubicin and Doxil® 
 

 
Figure 18: (A) Optical Imaging of dilution series of Doxorubicin and Doxil® in PBS (single 

row of triplicate shown). The DsRed filter set is used for excitation, emission and background 

subtraction. (B) A graph according to the regions of interest is drawn for both cytotoxic 

agents (concentration range from 0µM to 500µM). Fluorescence intensity (Y-axis) is 

determined at each concentration point (X-axis). Fluorescence intensity is measured in units 

of efficiency; error bars represent standard deviation of the mean.  
 

A triplicate dilution series is obtained for Doxorubicin and Doxil® as described above. 

For Doxorubicin, the highest intensity of fluorescence (250,63x10-6 +/- 6,37x10-6) is 

determined at a concentration of 100µM. For Doxil®, the fluorescence intensity shows 

a maximum value (183,47x10-6 +/- 2,40x10-6) at the 3700µM concentration mark (not 

shown in the graph) and a linear decrease of fluorescence intensity with 

concentration can be observed. 
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4.1.2.2. Optical Imaging of ADS and ADS-Liposomal Near-Infrared-dyes 

 

 
Figure 19: (A) Optical Imaging of dilution series of ADS645WS, ADS645WS-Ls, 

ADS780WS-Ls and ADS780NH2-Ls in PBS (single row of triplicate shown). The Cy5.5 (for 

the ADS645 group) and the ICG (for the ADS780 group) filter sets are used for excitation, 

emission and background subtraction. (B) A graph according to the regions of interest is 

drawn for all agents (concentration range from 0µM to 100µM). Fluorescence intensity (Y-

axis) is determined at each concentration point (X-axis). Fluorescence intensity is measured 

in units of efficiency; error bars represent standard deviation of the mean.  
 

Triplicate dilution series are obtained for every agent and imaged with the Optical 

Imager. For ADS645WS, the fluorescence peak is at the highest concentration of 

2500µM (568,20x10-6 +/- 7,55x10-6) (not shown in the graph). A non-linear 

fluorescence can be observed, leading to a second fluorescent peak at 12,5µM 

(508,57x10-6 +/- 4,14x10-6). ADS645WS-Ls has its fluorescent peak at a 

concentration of 100µM (731,93x10-6 +/- 5,74x10-6), ADS780WS-Ls at 1000µM 
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(25,57x10-6 +/- 1,02x10-6) (not shown in the graph) and ADS780NH2-Ls also at 

100µM (40,05x10-6 +/- 10,80x10-6). There is a linear decrease in fluorescence 

intensity in these three agents. 
 

4.1.2.3. Optical Imaging of co-loaded ADS-cytotoxic drug-Liposomal dye 

 

 
Figure 20: (A) Optical Imaging of dilution series of ADS645WS, ADS645WS-Ls and 

ADS645WS-Doxorubicin-Ls in PBS (single row of triplicate shown). The Cy5.5 filter set is 

used for excitation, emission and background subtraction. (B) A graph according to the 

regions of interest is drawn for all agents (concentration range from 0µM to 100µM). 

Fluorescence intensity (Y-axis) is determined at each concentration point (X-axis). 

Fluorescence intensity is measured in units of efficiency; error bars represent standard 

deviation of the mean.  
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The fluorescence pattern of ADS645WS as well as ADS645WS-Ls has been 

described previously. ADS645WS-Doxorubicin-Ls has similar fluorescence intensity 

than ADS645WS-Ls with peak intensity at a concentration of 100µM (304,17x10-6 +/- 

4,14x10-6) (p = 0,026x10-6) and a linear intensity decrease. Starting at the first 

concentration point of 1,5625µM up to 100µM, fluorescence is significantly higher in 

comparison to control media for ADS645WS-Doxorubicin-Ls (p = 0,0021).  

 

4.2. In vivo experiments 
 
4.2.1. Optical Imaging: data analysis 
 

For the in vivo part of the study, the DsRed (excitation, emission, background 

subtraction) filter set is chosen for all experiments with Doxorubicin and Doxil®. The 

Cy5.5 filter set (excitation, emission, background subtraction) is taken for all the data 

acquisition of ADS645WS-Ls and ADS645WS-Doxorubicin-Ls. For all obtained 

fluorescent signals, the pre-injection time point fluorescence intensity is subtracted 

from each post-injection time point’s image (post-injection(xh)-pre-injection). This 

subtraction is not performed for statistical analysis. 
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4.2.1.1. Optical Imaging of Doxorubicin and Doxil®   
 

 
Figure 21: Optical Imaging of the fluorescent signal intensity of an IGROV-1 injected rat 

after administration of (A) Doxorubicin or (B) Doxil®. Arrow indicates approximate tumor 

location. The DsRed filter set is used for excitation, emission and background subtraction. 

(C) A graph according to the regions of interest is drawn for each rat (n=2 for Doxorubicin, 

n=1 for Doxil®) at each time point. Fluorescence intensity (representing the average post-

injection-pre-injection fluorescence) (Y-axis) is determined at each time point (X-axis). The 

fluorescence intensity is determined in units of efficiency; error bars represent standard 

deviation of the mean. (D) A photographic image is displayed to show tumor location. 
 

No fluorescence pattern can be defined throughout the entire time point span in the 

imaging process. In the images obtained, it is mostly the fur of the animals that 

shows a slight fluorescence, but no clear fluorescent accumulation can be seen over 
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the tumor region of the rats, neither for those injected with Doxorubicin nor for the 

rats which received a Doxil® injection.  
 

4.2.1.2. Optical Imaging of ADS645WS-Liposome 
 

 
Figure 22: (A) Optical Imaging of the fluorescence signal intensity of an IGROV-1 injected 

rat after administration ADS645WS-Ls. Arrow indicates approximate tumor location. The 

Cy5.5 filter set is used for excitation, emission and background subtraction. (B) A graph 

according to the regions of interest is drawn for each rat (n=2) at each time point. 

Fluorescence intensity (representing the average post-injection-pre-injection fluorescence) 

(Y-axis) is determined at each time point (X-axis). The fluorescence intensity is determined in 

units of efficiency; error bars represent standard deviation of the mean. 

 

For the analysis of the two rats receiving an intravenous ADS645WS-Ls injection, the 

gathered images show a clear fluorescence pattern. For the first animal imaged 
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(shown in graph), the fluorescence projected to the rat's surface increases in intensity 

with every imaging time point. A first fluorescence peak is observed at 24h 

(145,03x10-6 +/- 39,26x10-6) mainly projected over the hepatic-, the intestinal- and 

subsequently moving to the tumor region, where a second, more delimited 

fluorescent peak is reached at the 48h post injection time point (139,85x10-6 +/- 

65,57x10-6), lasting until the last obtained time point of 96h (87,12x10-6 +/- 64,15x10-

6) post injection.  

 

The second rat (not shown) shows a similar fluorescent pattern with a marked 

fluorescent peak over the tumor region at 24h post injection (89,51x10-6 +/- 39,26x10-

6). A slight fluorescence is already visible at the pre-injection image, but the major 

fluorescent enhancement develops over the course of the post-injection imaging time 

points. In contrary to the first liposomal dye imaging sequence, where the 

fluorescence stays over the tumor region throughout the entire imaging process, the 

fluorescence here shifts to the surrounding area of the tumor in further imaging points 

(48h and 72h) (47,12x10-6 +/- 65,57x10-6 and 39,20x10-6 +/- 36,22x10-6). Of note is 

the relatively strong fluorescence projecting of the intestinal-and hepatic regions to 

the rat's surface.  

 
4.2.1.3. Optical Imaging of ADS645WS-Doxorubicin-Liposome 
 

In the ADS645WS-Doxorubicin-Ls cohort, the image analysis leads to the splitting of 

the acquired images into three sub-groups: Three (n=3) (arbitrarily rat 1-3) of the rats 

show a fluorescence pattern overlapping the tumor region at different time points, the 

images of two (n=2) (4&5) rats in the second group show fluorescence surrounding 

the tumor tissue and the third group consisting of two (n=2) (6&7) rats, shows no 

fluorescent pattern in the tumor region whatsoever.  

 

For the FSI post-injection/pre-injection, the overall fluorescent analysis (n=7) shows a 

significant fluorescent signal enhancement in comparison to the pre-injection image 

for all acquired time points (p < 0,02).  
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Figure 23: Fluorescence signal intensity after the injection of ADS645WS-Doxorubicin-

Liposome. (A) Graph according to the regions of interest drawn for every animal at each time 

point in the ADS645WS-Doxorubicin-Liposome group (n=7). (B) Splitting of the group into 

three sub-groups according to fluorescent pattern. The Cy5.5 filter set is used for excitation, 

emission and background subtraction. Fluorescence intensity (representing the average 

post-injection-pre-injection fluorescence) (Y-axis) is determined at each time point (X-axis). 

The fluorescence intensity is determined in units of efficiency; error bars represent standard 

deviation of the mean. 
 

In addition to the overall (n=7) fluorescence signal intensity determination, the three 

rats (n=3) of the first arbitrarily chosen sub-cohort are worked up for statistical 

analysis. For all three rats (only one rat shown), a beginning of marked tumor 

fluorescence enhancement is visible at 2h (33,65x10-6 +/- 14,28x10-6) post injection, 

with a maximum intensity at the 8h and 12h time point images (57,18x10-6 +/- 

18,54x10-6 and 58,46x10-6 +/- 17,16x10-6). The tumor fluorescence is partly overlaid 

by intestinal fluorescence, but is still visible and delimitable to intestinal- and urinary 

signals until the last obtained time point at 28h (59,22x10-6 +/- 21,50x10-6). A 
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significant fluorescent enhancement is visible over the tumor region at the 8h (p 

<0,03) and 12h (p < 0,02) time points.  
 

 
Figure 24: (A) Optical Imaging of the fluorescence signal intensity of an IGROV-1 injected 

rat after administration ADS645WS-Doxorubicin-Ls. Arrow indicates approximate tumor 

location (fluorescence in tumor region). The Cy5.5 filter set is used for excitation, emission 

and background subtraction. (B) A graph according to the regions of interest is drawn for 

each rat (n=3) at each time point. Fluorescence intensity (representing the average post-

injection-pre-injection fluorescence) (Y-axis) is determined at each time point (X-axis). The 

fluorescence intensity is determined in units of efficiency; error bars represent standard 

deviation of the mean. 

 

The second cohort, arbitrarily determined according to the fluorescent pattern 

projecting over the tumor region on the rats' right lower abdomen, concentrates on a 

fluorescent enhancement surrounding the tumor region of subcutaneously injected 
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IGROV-1 ovarian cancer cells. For rats 4 and 5, a fluorescent pattern begins to show 

at 1h post drug injection (21,75x10-6 +/- 23,59x10-6). The fluorescent enhancement 

progressively changes in shape and intensity over a time span of 8 hours (36,59x10-6 

+/- 18,47x10-6) until no relevant signal is further traceable. Four hours post injection 

(43,57x10-6 +/- 39,90x10-6) the fluorescence surrounding the tumor area is highest. 

No statistical data is acquired for this sub-cohort due to lack of subject quantity (n=2).  

 

 
Figure 25: (A) Optical Imaging of the fluorescence signal intensity of an IGROV-1 injected 

rat after administration ADS645WS-Doxorubicin-Ls. Arrow indicates approximate tumor 

location (fluorescence surrounding tumor region). The Cy5.5 filter set is used for excitation, 

emission and background subtraction. (B) A graph according to the regions of interest is 

drawn for each rat (n=2) at each time point. Fluorescence intensity (representing the average 

post-injection-pre-injection fluorescence) (Y-axis) is determined at each time point (X-axis). 

The fluorescence intensity is determined in units of efficiency; error bars represent standard 

deviation of the mean. 
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For the third cohort, containing rats 6 and 7, imaging results show no coherent 

fluorescent enhancement, neither over the tumor region nor in the tissues 

surrounding the cancerous area. No statistical data is acquired for this sub-cohort 

due to lack of subject quantity (n=2).  
 

 
Figure 26: (A) Optical Imaging of fluorescence intensity of an IGROV-1 injected rat after 

administration ADS645WS-Doxorubicin-Ls. Arrow indicates approximate tumor location (no 

fluorescence in tumor region). The Cy5.5 filter set is used for excitation, emission and 

background subtraction. (B) A graph according to the regions of interest is drawn for each rat 

(n=2) at each time point. Fluorescence intensity (representing the average post-injection-pre-

injection fluorescence) (Y-axis) is determined at each time point (X-axis). The fluorescence 

intensity is determined in units of efficiency; error bars represent standard deviation of the 

mean. 
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4.3. Histology 
 

4.3.1. Tumor specimen: data analysis  
 

The three cohorts arbitrarily determined beforehand are kept identical for the analysis 

of the histopathological tumor slides.  

 

The tumors of the rats injected with ADS645WS-Doxorubicin-Ls are explanted and 

processed for H&E stains.  

 

The purpose is to correlate fluorescence intensity obtained with OI, with the 

vascularity pattern of these tumors. Based on the H&E stains and the OI images, a 

correlation scoring system is introduced using a fluorescence intensity score of the 

different OI images obtained as well as a vascularity score describing the 

vascularisation patterns of the tumor tissue.  

 

The comparison of the data reveals the concordance of high fluorescence signal 

intensity and high microvessel density. According to the vascularity and fluorescence 

grading, the difference in the tumor fluorescence and tumor vascularity scores of the 

various animals is calculated and defined to a range of -2 to +2 where 0 is the 

correlation of the fluorescence signal intensity and the microvessel density. For n=4 

animals a score of 0 is obtained, showing a concordance of high fluorescence signal 

intensity and high microvessel density as well as a low fluorescent signal in necrotic 

areas of tumor tissue. 
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Table 3: Correlation of fluorescence intensity in Optical Imaging and histopathologically 

determined vascularisation of tumor tissue according to a scoring system. 

 

 
Figure 27: Addition to Table 3: Histologic slides of tumor tissue and its vascularity pattern. 

(A) H&E image of a single dominant central large vessel (*) in the tumor tissue. 
(B)  H&E image of tumor tissue showing marked necrosis (*) 
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4.4. Statistical analysis 
 
Statistical information is gathered for the ADS645WS-Doxorubicin-Lipsome group of 

the study. The results of the analysis are shown in Table 4 for the in vitro dilution 

series and in Table 5, Table 6 and Table 7 for the in vivo experiments.  

 

 
Table 4: In vitro statistical analysis: ADS645WS-Doxorubicin-Ls dilution series. The triplicate 

region of interest (n=3) of every concentration point is compared to the control triplicate 

region of interest (n=3).  

 

All the concentrations show a significantly higher fluorescent signal in comparison to 

the control wells.  
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Table 5: In vivo statistical analysis: the ratio of post-injection fluorescent signal intensity in 

tumor tissue at various time points in comparison to the pre-injection fluorescent signal 

intensity (FSI post-injection/pre-injection) is calculated for n=7 and n=3 animals. 

 

A significant fluorescent signal enhancement in comparison to the pre-injection 

image is delimitable for all acquired time points for n=7. For n=3, significant signal 

enhancements are found at the 1h (p < 0,03), 8h (p < 0,04), 12h (p < 0,03) and 24h 

(p < 0,03) image acquisitions.  
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Table 6: In vivo statistical analysis: comparison of ovarian tumor tissue (region of interest 

(ROI) 1) to control tissue (region of interest (ROI) 2) for the whole (n=7) ADS645WS-

Doxorubicin-Lipsome group at various time points. 

 

 
Table 7: In vivo statistical analysis: comparison of ovarian tumor tissue (region of interest 

(ROI) 1) to control tissue (region of interest (ROI) 2) for the arbitrarily determined 

ADS645WS-Doxorubicin-Lipsome sub-group at various time points. 
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The comparison of ovarian cancer tissue (right flank) and control tissue (left flank) 

leads to significant differences in fluorescent behavior at each time point in the n=7 

group (p < 0,05) (Table 6). For the n=3 sub-group, only the 30min, 1h and 12h (all p 

< 0,03) images show significant difference in fluorescent signal intensity in 

comparison to control tissue (Table 7). 
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5. Discussion 
 

In summary, this proof of principle study demonstrates that the accumulation of 

intravenously injected theranostic liposomes in tumor tissues can be evaluated in 

vivo with Optical Imaging (OI). Furthermore, our results show that the intensity of the 

fluorescence signal is dependent on the tumor’s histopathologically evaluated 

vasculature pattern. 

 

In recent years, nanoparticles have attracted significant interest in therapeutic cancer 

research because they offer an increased therapeutic efficacy and a reduced toxicity 

profile of the cytotoxic drugs due to a more selective drug delivery to its target 

structures (Bae et al., 2011, Lopez-Davila et al., 2012). One example of a successful 

nanocarrier design is a pegylated liposome encapsulating Doxorubicin. This FDA-

approved liposomal formulation has been investigated in numerous studies (Gabizon 

et al., 2003, Abraham et al., 2005). It proved successful in clinical trials for several 

cancer types and showed significant improvements in pharmacokinetic profiles, 

tumor accumulation and reduction of toxicity when compared to free Doxorubicin 

(Lopez-Davila et al., 2012). However, the efficacy of liposomal anthracyclines (like 

Doxorubicin) could not yet be reproduced by liposomal formulations containing other 

anticancer drug classes. Indeed, anthracyclines can easily be stably encapsulated in 

the liposome interior using remote-loading methodologies giving rise to stable 

liposomal formulations that have been difficult to replicate with other classes of drugs 

(Drummond et al., 2006). Drummond et al. have designed a nanoliposomal 

Irinotecan using a new loading technique. An unprecedented drug loading efficiency 

has lead to a markedly superior efficacy in combination with a lower toxicity profile 

when compared with free Irinotecan in human breast and colon cancer xenograft 

models (Drummond et al., 2006). The liposomal formulation investigated in this study 

is capable of encapsulating Doxorubicin and was designed according to the new 

loading technique used by Drummond et al. It enables a high drug-to-lipid ratio, thus 

having high and stable cytotoxic drug concentrations per nanoparticle. Moreover, its 

stability will not be guaranteed for anthracyclines only, but can be transferred to 

many different cytotoxic agents in future studies. We propose to use it as an 

approved carrier for cytotoxic drugs in cancer treatment. 
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Making use of the previously described enhanced permeability and retention effect, 

Serwer et al. designed a non-targeted liposomal Topotecan in a glioblastoma 

xenograft mouse model. Analysis of intracranial tumors demonstrated increased 
activation of cleaved caspase-3 and DNA fragmentation. Relying on the EPR effect, 
both are indicators of response to treatment (Serwer et al., 2011). Other studies 

investigating non-targeted nanocarriers making use of the EPR effect consist mostly 

of pegylated liposomes; generally the FDA-approved Doxil® (Gabizon, 1994, 

Torchilin, 2005, Duggan, Keating, 2011). However, Muggia et al., as well as 

numerous other publications on Doxil® (Ranson et al., 1997, Drummond et al., 1999, 

Lopez-Davila et al., 2012), mention the hand-foot syndrome as dose limiting in 

studies conducted with pegylated Doxorubicin in ovarian and breast cancer (Muggia, 

1997). The nanoliposomal formulation used in this study relies on the EPR effect to 

deliver Doxorubicin at its target site. This is in accordance with current practice and 

clinical relevance (Lopez-Davila et al., 2012). Moreover, the liposomal formulation 

used is not pegylated, thus circumventing the dose limitation caused by palmar-

plantar erythrodysesthesia.  

 

Other than relying on the EPR-induced passive accumulation of liposomes and 

release of drugs at tumor site, more specific, targeted nanoparticles are contributing 

to promising therapeutic approaches in cancer treatment (Bae et al., 2011). These 

include molecules conjugated with folic acid (Lu, Low, 2002) or anti-HER2 liposomes 

(Park et al., 2002, Kirpotin et al., 2006). Moreover, the recent development of 

nanosized delivery vehicles for small interfering RNA (siRNA) has been used by 

Godin et al. to design a multistage vector system to effectively transport siRNA, 

targeted against EphA2 oncoprotein, to various tumor tissues including ovarian 

cancer (Godin et al., 2011). The advantage of these molecules consists in their 

targeted approach to various oncogenic alterations, thus reaching tumor cells even 

more effectively. However, the above-mentioned chemotherapeutic agents are 

currently under investigation only in cases with de novo or acquired chemotherapy 

resistance (Chen et al., 2010), and are as such currently not a routine treatment 

option for newly diagnosed or progressive ovarian cancer. In contrast to the above-

mentioned investigations, this study aimed at supervising an already established 

chemotherapeutic regimen to treat ovarian cancer. For this, we designed a non-
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pegylated liposomal nanovehicle able to (i) deliver Doxorubicin at tumor sites and (ii) 

to trace it with Optical Imaging.  

 

Indeed, in addition to designing a mere drug delivering nanoparticle, we developed a 

carrier co-encapsulated with Doxorubicin as therapeutic agent as described above as 

well as a near-infrared fluorophore as diagnostic agent to monitor the effective 

accumulation of the nanocarrier and its content at the tumor site. The recent 

development of these multi-functional so-called theranostic nanosystems enables the 

efficient delivery of drugs to tumors while simultaneously monitoring their therapeutic 

response by visualizing tumor cells (Nie et al., 2007, Salvador-Morales et al., 2009). 

So far, only few publications have concentrated on a non-targeted experimental 

setup, evaluating the passive accumulation of the theranostic agent at the tumor site. 

Kim et al. have reported the development of multi-functional polymeric nanoparticles 

embedded with iron oxide nanoparticles and Doxorubicin, leading to an efficient 

delivery of drug to cancer cells and showing high MRI contrast (Kim et al., 2008b). 

Similarly, Vigilanti et al. have demonstrated the feasibility of tracing nanocarriers 

which encapsulated both Doxorubicin and manganese sulfate (MnSO4) with MRI 

(Viglianti et al., 2006). However, different from our experimental setup, these studies 

rely solely on MRI to trace the designed nanoparticle. Although it allows high spatial 

resolution and radiation-free imaging, it gathers less sensitive images and requires 

more expensive and long-winded data acquisition in comparison to Optical Imaging. 

Moreover, a major issue with the current metallic or inorganic nanoparticles used in 

the above-described MRI studies is the high risk of toxicity associated with their long-

term residence in body without degradation (Yu et al., 2008). The theranostic 

nanoparticle designed in this study uses the NIR fluorophore ADS645WS as 

diagnostic component to enable the nanoparticle’s tracking with Optical Imaging. In 

comparison to the above-mentioned MRI studies, the advantage of this diagnostic 

agent is its organic nature, minimizing intrinsic toxicity, unlike other theranostic 

nanocarriers as described previously (Lopez-Davila et al., 2012). 

 

ADS645WS is a water-soluble, organic particle that has been used by Kirpotin et al. 

to measure the extent of in vivo uptake of liposomes of a non-targeted control group 

in a study conducted to evaluate Anti-HER2 immunoliposomes designed to achieve 

targeted intracellular delivery to HER2-overexpressing tumor cells (Kirpotin et al., 
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2006). However, to the best of our knowledge, ADS645WS has not yet been used as 

tracking agent for in vivo Optical Imaging in previous studies. Indeed, in the study 

conducted by Kirpotin et al, flow cytometry was used to quantitate the fluorophore in 

tumor tissue ex vivo. With its excitation and emission profiles in the NIR spectrum 

(Ex.: 654nm and Em.: 660nm), ADS645WS is well suited to enable tracing of 

nanocarriers with Optical Imaging. This is in accordance with various OI studies, 

where the aforementioned wavelength range enables a satisfying depth penetration 

as a result of the inherent low tissue absorption (Ntziachristos et al., 2003, Sutton et 

al., 2008). 

 

As mentioned previously, the theranostic nanoparticle designed in this study was 

readily detectable with Optical Imaging, thus allowing for the use of an emerging 

imaging modality scoring with a very sensitive, relatively inexpensive, fast and 

radiation-free, longitudinal data acquisition (Sutton et al., 2008). The use of Optical 

Imaging as a monitoring device for the efficient delivery of cells, drugs or 

nanoparticles in cancer therapy has been implemented successfully over the past 

years (Licha, Olbrich, 2005). For example, Tavri et al. were able to trace fluorophore 

labeled, tumor-targeted natural killer cells to human prostate cancer (Tavri et al., 

2009), Sutton et al. showed that labeling of hMSCs with DiD provides effective cell 

depiction with OI in vitro and in vivo (Sutton et al., 2009). Different to the above-

mentioned studies, the traced agent used here was not targeted to any specific cells 

but consisted only of a liposomal Doxorubicin as first-line therapy for progressive 

ovarian cancer, relying on the passive accumulation in tumor tissue.  

 

Up until now, only few studies have evaluated the potential of Optical Imaging for the 

detection and treatment monitoring of ovarian cancer. Martinez-Poveda et al. have 

used a bioluminescent reporter construct containing 9xHRE-luciferase to non-

invasively monitor functional changes in HIF activity in response to antiangiogenic 

treatment in a xenograft model of human ovarian carcinoma (Martinez-Poveda et al., 

2011). This provides a higher sensitivity compared with fluorescence imaging but 

requires more extensive transduction methods. A model of disseminated peritoneal 

ovarian cancer has been designed to investigate the use of ICG as optical probe for 

the real-time endoscopic detection of tiny ovarian cancer peritoneal implants (Kosaka 

et al.), showing promising data on the combination of endoscopic diagnostics and 
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fluorescence imaging but requiring invasive methods such as laparoscopy to pursue 

information gathering. In comparison to the above-mentioned theranostic 

investigations, the nanovehicle used in this study has proven to be non-invasively 

effectively traceable with Optical Imaging in an in vivo ovarian cancer xenograft 

model.  

 

The images gathered with Optical Imaging were compared with histopathology. The 

fluorescence enhancement correlated with the histopathologically obtained 

vasculature pattern. Indeed tumor blood supply and perfusion, which play an 

important role in its growth potential and survival, are also required to enable drug 

circulation into cancerous tissue (Bergers, Benjamin, 2003, Minchinton, Tannock, 

2006). Moreover, solid tumors are often not readily accessible for therapeutic or 

imaging agents due to their distance from the supporting vasculature that provides 

the entrance point for the pool of available therapeutic agents (Drummond et al., 

2008). In accordance with this information, tumors, in our study, which showed no 

fluorescent signal, were histopathologically characterized by widespread necrotic 

tumor tissue and only a minimal vascular supply. ADS645WS-Doxorubicin-Ls, 

injected intravenously could probably not reach the cancerous area, thus explaining 

the low enhancement pattern. Another cohort showed marked fluorescence 

enhancement over the whole cancerous expanse as well as a histologically defined 

strong vascular structure, assuring the adequate blood supply and in turn 

ADS645WS-Doxorubicin-Ls delivery to target tissue. The fluorescent signal in this 

group was distinctly captured with Optical Imaging. 

 

Interestingly, fluorescent signal intensity was already detectable at the pre-injection 

time point baseline image in a certain amount of animals, arising from 

autofluorescence of animal tissue. This observation was, at least in part, in conflict 

with accepted knowledge since OI in the NIR spectrum has the advantage of 

minimizing tissue autofluorescence (Sutton et al., 2008). This might have been 

caused by a variation in fluorescent behavior due to tumor necrosis before dye 

injection. Indeed, strong fluorescent signal intensity over tumor tissue was obtained 

for the ADS645WS-Doxorubicin-Ls sub-group (n=3).  
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Several limitations of the study need to be considered. As this was a proof of 

principle study, it was only justifiable to use a small animal number leading to a 

reduced statistical significance.  

 

Kirpotin et al. have demonstrated that antibody targeting does not increase 

accumulation of long-circulating nanoparticles in tumor tissue in comparison to non-

targeted nanocarriers, but rather increases mediated intracellular drug delivery to 

cancer cells in animal models. This was confirmed with high-power magnification 

microscopy where immunoliposomes were distributed throughout tumor tissue in 

close association with tumor cells, whereas non-targeted liposomes showed a more 

uneven or patchy distribution, with high focal accumulation within tumor stroma and 

less association with tumor cells (Kirpotin et al., 2006). The nanocarrier designed in 

our study uses a non-targeted approach relying solely on the EPR-effect. Hence, 

taking the insights of Kirpotin et al. into account, it is probable that Doxorubicin 

transported by our liposomal formulation, even though accumulating at tumor site, 

might not be taken up into tumor cells. However, the purpose of this study was 

primarily to show the feasibility of tracking the designed nanocarrier with Optical 

Imaging. This was demonstrated to be feasible, thus we developed a method 

allowing a non-invasive surveillance of tumor tissue with Optical Imaging. We 

acknowledge that long-term follow-up data about the therapeutic efficiency of the 

theranostic probe used here was not acquired for the above-described reasons 

making additional studies necessary. 

 

Moreover, due to the realization of the above-mentioned correlation of 

histopathological samples with imaging data, long-term data concerning the 

therapeutic efficiency and pharmacokinetics of the new nanocarrier would have to be 

gathered in a future study setup.  

 

In addition, due to the time and cost-intensive development of the theranostic agent, 

only few animals could be injected. A larger sample size could provide further 

information  on the general pharmacokinetics and tumor delivery of this particular 

probe. In a preliminary study, where only the fluorophore was encapsulated into the 

nanocarrier, strong fluorescent signals were obtained with the Optical Imager. The 

consistent fluorescent signal traceable with Optical Imaging, even after co-
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encapsulation of the fluorophore with Doxorubicin appears promising that we were 

able to design a stable theranostic nanocarrier, although additional studies are also 

required here. In addition, in some animals a strong fluorescent signal appears over 

the intestines and liver. This is probably due to the uptake of a significant part of the 

liposomal nanocarrier by the reticulo-endothelial system (RES). In other studies, one 

of the reasons for “pegylating” the nanocarriers is the reduced uptake by the reticulo-

endothelial system through reduced opsonization. However, the release of the 

nanocarrier’s contents at target site and consequently the cellular uptake are also 

decreased (Drummond et al., 1999). As mentioned before, additional studies are 

required to optimize the pharmacokinetics of the here designed nanocarrier, also with 

regard to the RES uptake. However, in this study the subcutaneously localized 

ovarian tumors were clearly visible and thus statements about fluorescent signal with 

Optical Imaging could nevertheless be made. 

 

Since the purpose of this study was to gather functional information about the newly 

designed theranostic agent, the Optical Imaging method we used, which has a 

relatively simple instrumentation to image fluorescence emission light from a surface 

(two-dimensional) was sufficient for this particular study design. Indeed, tissue 

reflectance imaging is high resolution and fast, but because of multiple light 

scattering, sensitivity is limited by light penetrance, and contrast is derived primarily 

from superficial structures, typically up to approximately 3 mm in depth. To create a 

more clinically relevant setting of existing established theranostic agents, the use of a 

Tomographic Optical Imager is being evaluated because it offers better resolution 

(Ntziachristos et al., 2003). Moreover, newer studies combine Optical Imaging with 

MRI synergistically to overcome their respective disadvantages simultaneously. 

Thus, although magnetic resonance imaging has the advantage of three-dimensional 

resolution and visualization of overall anatomic background, it lacks sensitivity. 

Optical imaging methods provide high target sensitivity, although they lack three-

dimensional resolution as mentioned above (Chen et al., 2010). This was not 

necessary in our proof of principle study setup. 

 

Finally, the fluorescent dye used in this study is not FDA-approved. Until now, the 

only clinically available NIR fluorophore is indocyanine green (ICG) (Ogawa et al., 

2009). Even though clinical translation is therefore not possible up until now, the 
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designed theranostic agent and especially its fluorophore component might be useful 

for further preclinical study developments. 

 

In summary the results of this study show that accumulation of intravenously injected 

theranostic liposomes in tumor tissues can be evaluated in vivo with Optical Imaging 

(OI). Although technical advances have been achieved in many areas of diagnostic 

radiology, the detection of human cancer remains challenging. The technique of 

Optical Imaging is a very promising imaging modality since it enables the generation 

of highly sensitive images within seconds using relatively inexpensive equipment 

(Frangioni, 2008, Sutton et al., 2008). Moreover, the emerging field of theranostic 

agents as the one used in this study might encourage further investigations of clinical 

theranostic probes. This may be used to develop improved tumor drug delivery 

strategies, accelerate the development of new therapeutics, facilitate drug dose 

optimization and ultimately, allow for individualized treatment selection and 

monitoring.  
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6. Summary 
 
Purpose: The purpose of the main branch of this study was to determine, whether 

tumor accumulation of intravenously injected theranostic liposomes (Ls), co-

encapsulated with a near-infrared (NIR) dye and Doxorubicin (DOX), can be tracked 

in vivo with Optical Imaging (OI).  

Materials & Methods: Nano-liposomes (size: 80-120nm) were loaded with a water-

soluble NIR dye (ADS645WS, Excitation.:641nm/Emission.:661nm) and DOX, 

purified by gel filtration and evaluated in vitro with OI. Then, 7 athymic nude rats with 

implanted human IGROV ovarian cancers received intravenous injections of 

ADS645WS-DOX-Ls (11,01mM phospholipid (PL) and 7,5mg DOX/kg) and 

underwent OI before and at 30min, 1h, 2h, 4h, 8h and 24h post-injection. Tumor 

fluorescence on OI was compared for significant differences between pre- and 

postcontrast data and fluorescence enhancement was compared between tumor and 

normal muscle as an internal standard, using a t-test and a p<0,05. Results were 

correlated with histopathology.  

Results: ADS645WS-DOX-Ls showed a strong in vitro fluorescence, which 

increased with ADS645WS concentration (p<0,05). In vivo, ADS645WS-DOX-Ls 

injection caused a significantly increased fluorescence of ovarian tumors on post-

contrast scans compared to pre-contrast scans (p<0,05), with a peak at 8 hours post-

injection. All tumors also showed significantly higher fluorescent signal intensity in 

comparison to control tissue. The degree of tumor enhancement on OI scans showed 

a large variability, which correlated with tumor vascularity on histopathology.  

Conclusion: Tumor accumulation of intravenously injected theranostic liposomes 

can be evaluated in vivo with Optical Imaging (OI). 

Clinical relevance/application: Optical Imaging can facilitate monitoring 

chemotherapeutic agent accumulation in tumor tissue and therapeutic response in 

oncologic treatment dose. Moreover, dose optimization in tumor models may be 

achieved, thus potentially accelerating the development process and potentially 

allowing for the optimization of individualized therapy.  
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