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1. Cancer treatment

Cancer cells differ from healthy cells in the sense that they divide rapidly in an uncontrolled 
manner. Hence, conventional cancer chemotherapy aims at blocking the cell division by interfering 
with the cell cycle. Common toxicities observed for cytotoxic drugs are observed in normal cells 
that divide fast, such as cells of the gastrointestinal tract and hair follicles. Mutations in tumor cells 
that lead to higher expression levels of growth factor receptors, for instance, enable those cells to 
survive as they are more capable of proliferating, migrating and are more resistant to apoptosis. 
However, these receptors also provide opportunities to identify and target these cells. Small 
molecule drugs (in particular tyrosine kinase inihibitors-TKI) are designed to interfere with the 
ATP binding pockets in the kinase domain of these growth factor receptors, so called receptor 
tyrosine kinases (RTK). These kinase domains are located in the cytosol and therefore require 
the entry of the TKI into the cell. The extracellular part of the RTK can be targeted via antibodies 
that recognize certain epitopes, thereby blocking the binding of the growth factor to the receptor 
resulting in the inhibition of signaling cascades. 

2. A Nanomedicine appraoch: Healthy vs Tumor tissue

Although tumor cells are quite similar to healthy cells, at the tissue level they behave substantially 
different from healthy tissues. The tumor pathophysiology is characterized by leaky vasculature and 
impaired lymphatic drainage. The combination of these two lead to the enhanced permeation and 
retention at the tumor site, commonly referred to as the EPR effect. The field of “nanomedicine” 
exploits this EPR effect in order to treat or diagnose cancer. Nanomedicine, in simple terms, 
refers to nano-sized carriers that can retain a drug throughout its circulation in the blood stream 
and limit its whole body distribution as opposed to systemic intravenous injection of drugs that 
commonly penetrate into tissues. Drug carrying nanoparticles cannot cross the endothelial 
barrier and therefore avoid most normal tissues. In contrast, these nano-sized carriers can pass 
through the leaky tumor blood vessels that are formed in an inadequate manner, due to aberrant 
regulation of angiogenesis in tumors. Hence, nanoparticulate carriers will eventually accumulate 
at the tumor site, provided that they can circulate long and are small enough to pass through the 
endothelial gaps. Lastly, since the lymphatic drainage at the tumor site is impaired, they are usually 
retained in the tumor. 

Once the nanoparticulate drug carrier is localized in the tumor tissue, specific accumulation 
in tumor cells can be enhanced by actively delivering them to these cells. This is done by 
functionalizing the surface of the nanoparticles with ligands such as antibodies that specifically 
bind to membrane receptors present on the tumor cells. Upon association with the membrane 
receptors, the nanoparticulate drug carrier can be internalized and subsequently release its drug 
into the tumor cell. A rather new class of antibody-derived targeting ligands are nanobodies. 
Nanobodies are the variable domains of heavy-chain only antibodies present in Camelidea family, 
also referred to as VHH’s. Nanobodies can be produced by recombinant expression at high yields
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in relatively simple expression systems, due to their smaller size as compared to conventional 
antibodies. Furthermore, as they are derived from a single chain antibody, the antigen-recognition 
domain does not require fusion with peptidic linkers like in scFv small antibody fragments. The 
extended antigen binding domains (CDR3 loop) of nanobodies provide room for complex 
folding which helps forming grooves for antigen interaction. In addition, the absence of light chain 
facilitates the interaction of nanobodies with specific binding pockets of, for instance enzymes 
that are not easily accessible to conventional antibodies. 

This thesis investigates the potential of albumin nanoparticles decorated with tumor specific 
nanobodies for active delivery of tyrosine kinase inhibitors to EGFR and c-MET (over)expressing 
tumors. Albumin was selected as the core material of the nanoparticles because it is a natural 
biodegradable polymer and it can accommodate drugs via its hydrophobic binding pockets. 
Transforming albumin into albumin nanoparticles can further increase the drug-carrying capacity 
of this carrier and the presence of abundant functionalizable groups on albumin can be exploited 
to couple surface ligands such as ‘stealth’ polymers and targeting devices. 

Chapter 2 of this thesis reviews the delivery of tyrosine kinase inhibitors with targeted or non-
targeted nanomedicines to tumor cells or tissues, respectively. Chapter 3 reviews antibodies and 
nanobodies as targeting ligands for EGFR directed nanomedicines. 

In Chapter 4, we describe the design and characterization of an albumin based nanoparticulate 
carrier that is loaded with a TKI (17864) and functionalized with an anti-EGFR nanobody (EGa1). 
Albumin nanoparticles (NP) were prepared by ethanol desolvation of albumin dissolved in an 
aqueous solution followed by glutaraldehyde crosslinking. Subsequently, 17864 was coupled 
to the methionine groups of the albumin nanoparticles via a platinum based linker (Lx) that 
applies coordination chemistry. Once 17864 is loaded, the nanoparticles are PEGylated to ensure 
colloidal stability and surface shielding of the nanoparticles. In the next step, the nanobody is 
coupled to the distal end of the PEG chain. These nanoparticles were tested for in vitro release and 
stability of the drug. The EGa1-PEG-NP were studied on EGFR overexpressing human head and 
neck squamous carcinoma cells (14C) for cellular binding, internalization, lysosomal localization, 
degradation and subsequently inhibition of tumor cell proliferation.

In chapter 5, a different nanobody targeting c-MET (G2) was selected from the immune phage 
antibody library that was raised against the human epidermoid squamous carcinoma cell (A431) 
membrane vesicles. G2 was coupled to albumin nanoparticles as outlined in chapter 4. G2 and G2-
PEG-NP were characterized in terms of their cellular entry and degradation pathways, agonistic/
antagonistic properties and their ability to induce cell migration and c-MET down regulation on 
human lung carcinoma (A549) and human gastric cancer (MKN45) cell lines. 

To investigate whether the albumin nanocarriers are feasible materials for targeting drugs 
to tumors, we first investigated whether they are haemocompatible, i.e. devoid of unwanted 
interactions with circulating blood cells in Chapter 6. Interaction of nanocarriers with platelets 



can result in platelet aggregation and thrombogenesis. We therefore studied the activation 
of platelets by our albumin nanocarriers and compared this to albumin-based, clinically used 
formulations of the anticancer drug paclitaxel, Abraxane® and its conventional formulation, Taxol®. 
Platelet activation assays were carried with isolated platelets and platelets in whole blood and 
outcomes from two assays were compared.

As discussed above, nanomedicines can accumulate in tumors via the EPR effect. One of the 
prerequisites for this type of tumor targeting is a prolonged circulation of the nanocarrier in 
the blood stream, to enable its continuous extravasation via the leaky tumor blood vessels. 
In Chapter 7, we studied the biodistribution and tumor accumulation of dual labeled albumin 
nanoparticles which was co-injected with differently labeled human serum albumin (HSA). Bare 
albumin nanoparticles and PEGylated nanoparticles were labeled with near-infrared dye Dye750 
and with fluorescent dye Alexa488, while HSA was labeled with Dye680/Dye405. We investigated 
the biodistribution and tumor accumulation in A431 tumor-bearing mice non-invasively by 
fluorescence molecular tomography (FMT) combined with micro computed tomography (µCT) 
scanning at the near-infrared region up to 48h, after which the whole body scans were compared 
with the signals accumulated in the harvested organs. Histology specimens of liver and tumor 
were further investigated by fluorescence and 2-photon microscopy techniques for localization of 
HSA and nanoparticles in these tissues. Finally, Chapter 8 concludes the thesis with a summarizing 
discussion and perspectives. 
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12







cchapcter 1chapter 1chapter 2
targeted delIvery of KInase InhIbItors: a 

nanomedIcIne approach for Improved selectIvIty In 
cancer

Isil Altintas, Raymond M. Schiffelers and Robbert Jan Kok

Current Signal Transduction Therapy, 6(2), May 2011, p 267-278(12)



Abstract

Conventional treatment of cancer is accompanied by severe systemic side effects. As an alternative, 
targeting only deregulated intracellular pathways that cause proliferation, migration and metastasis 
are emerging in the field of cancer therapy. Kinase inhibitors are one appealing class of drugs that 
target specific intracellular pathways. However, kinase inhibitors are not specific in terms of 
tissue or cellular distribution, and kinase inhibitor therapy can cause serious side effects that are 
dose-limiting or reason to withdraw the compound from clinical testing. This review will highlight 
how the selectivity of kinase inhibitors can be improved via a different type of targeted therapy, 
i.e. by using drug delivery systems that are capable of directing kinase inhibitors specifically to 
tumor cells. We will explain how so-called nanomedicines obtain specificity for tumor cells and 
how other mechanisms can contribute to the guiding of the drug delivery system into the tumor 
tissue. EGFR and VEGFR are two classes of receptor tyrosine kinases that are highly deregulated 
in almost all cancers, and several effective kinase inhibitors targeted to these pathways have 
entered the clinic. We will focus on the inhibition of these pathways by analyzing the strategies 
that combine these kinase inhibitors with drug delivery systems to obtain enhanced tumor-
selective effects. 

Chapter 2
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1. Alternatives to Conventional Anticancer Therapy  

Conventional treatment of cancer is achieved by cytotoxic drugs that induce cell death by various 
mechanisms. Some interfere with the cell cycle at different check points: i.e. G1, S, G2 and M 
phases. For instance, vinca alkaloids (e.g. vinblastine) bind to tubulin proteins in S phase, thereby 
preventing microtubule assembly which is required for the proper alignment of the DNA in order 
to proceed to the M phase. Taxanes (e.g. paclitaxel and docetaxel), on the other hand, keep the 
cells in M phase by preventing the disassembly of the microtubules, whereas alkylating agents 
(such as cisplatin) specifically bind to DNA at any phase of the cell cycle [1]. As a general concept, 
all of these conventional anticancer therapies target cell division. Given the faster proliferation 
of tumor cells as compared to normal cells, these drugs can at best be regarded as ‘selective’ 
for tumor cells. Systemic side effects observed in conventional anticancer treatment are often 
related to the lack of selectivity of cytotoxic compounds. Indeed, the cells of the hematopoietic 
system and gastrointestinal tract, having a comparable growth rate as tumor cells, are the most 
affected ones in patients receiving cancer therapy [2]. Dosing of cytotoxic drugs is often based 
on the maximum tolerated dose (MTD), which is defined by adverse effects, rather than optimal 
therapeutic efficacy. Phase I clinical trials with cytotoxic drugs are designed to find this MTD 
that either stabilizes disease, leads to a partial response or induces a complete response where 
the tumor is no longer detectable [3]. The best antitumor activity with acceptable side effects 
defines the (usually narrow) therapeutic window of cytotoxic drugs [1]. Unfortunately, many 
cancers develop some kind of drug resistance during treatment with cytotoxic drugs, mainly due 
to survival of those tumor cells that are least sensitive to the treatment. To prevent this, effective 
treatment protocols for tumor eradication require a second line chemotherapy or even more 
toxic components, each of which can cause side effects. 

To improve the tolerability of conventional anticancer therapies and possibly to overcome drug 
resistance, site-specific drug delivery to the tumor tissue has been used [4]. An example is the 
liposomal formulation of doxorubicin, marketed as Doxil, which shows an improved therapeutic 
index compared to the conventional doxorubicin formulation [5]. As a general concept, such site-
directed formulations show a preferential distribution to the tumor site while avoiding toxicity 
sensitive tissues. The improved therapeutic index thus can be attributed to an enhanced activity, 
combined with a lowering of toxicity (Fig. 1, B). 

A better understanding of the molecular pathways involved in cancer progression has opened 
a new era for anticancer drugs that target intracellular pathways deregulated in cancer cells. 
These so called ‘molecular targeted therapies’ include a wide range of drugs such as monoclonal 
antibodies (Mab), tyrosine kinase inhibitors (TKI), proteasome inhibitors, and antisense inhibitors 
of growth factor receptors. Unlike conventional anticancer drugs, most of the above mentioned 
targeted therapies specifically attack a pathway that is preferentially activated in tumor cells. 
Therefore, they are regarded as less toxic and more specific to tumor cells. These pathways can 
include over expressed surface target receptors or the downstream cytosolic signaling cascades

17



Figure 1. Safety levels of anticancer treatment strategies A) Conventional treatment with cytotoxic agents. 

The administered compound will distribute throughout the whole body, allowing for therapeutic activity (effects in tumor 

cells) and side-effects (effects in normal tissue) B) Tumor-directed drug targeting of cytotoxic drugs. Formulation 

of cytotoxics in a drug delivery system will allow selective distribution of the drug into the tumor site, while distribution 

to the normal tissue can be reduced or avoided. C) Molecular targeted therapies. Improved safety of these types of 

therapeutics is achieved by selective targeting of a molecular process (signaling cascade or receptor) that is activated in 

tumor cells or tumor related processes. These compounds do not display site-specific distribution. D) Tumor-directed 

delivery of targeted drugs. Tumor-specific delivery of molecular targeted drugs will combine the aforementioned 

approaches for improving selectivity of anticancer agents. The use of drug delivery systems with molecular targeted drugs 

will enhance the accumulation in the tumor tissue and avoid the distribution of the drug to cells in which side-effects can 

occur.
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that take part in cell survival, angiogenesis, metastasis and proliferation. For these drug classes, 
clinical response is expressed by terms such as ‘time to progression’ or ‘overall survival’ instead 
of responses that are defined by tumor volume reductions. Usually the time-frame to expect 
antitumor effects of molecular targeted therapeutics is spread over a longer period. This is also 
the case for the side-effects associated with them as these are less pronounced due to inhibition 
of certain pathways [6-9]. The improved therapeutic index of this class of anticancer drugs thus 
depends on a more focused activity, as compared to classic cytotoxic agents, rather than on an 
improved tissue distribution or cellular accumulation (Fig 1, A and C). In this review we will 
explain how the selectivity of molecularly targeted therapeutics can be even more enhanced, by 
combining the two concepts now introduced (Fig 1, D). When both safety levels are combined, i.e. 
when molecular targeted drugs are delivered in a tissue or cell-type specific manner to the site of 
disease, one can expect an even more pronounced improvement in the therapeutic index of the 
already selective compound. We will exemplify this novel nanomedicine approach by discussing 
the delivery of TKI to epidermal growth factor receptor (EGFR) and vascular endothelial growth 
factor receptor (VEGFR) dependent pathways. We will start with a brief overview of the potential 
safety risks of TKI targeted to these pathways, followed by an outline of drug delivery techniques 
and considerations that apply to these drugs. The second part of this review will highlight recent 
progresses in this novel area of drug delivery. 

1.1. Tyrosine Kinases in Cancer Therapy 

Tyrosine kinases are mostly expressed by proto-oncogenes which are involved in crucial 
pathways in cellular metabolism, proliferation, differentiation and motility. They bind and transfer 
a phosphate group from ATP to the tyrosine residues of the substrate proteins [10,11]. The vast 
majority of TKI are designed to fit the highly conserved ATP binding pocket of the kinase [12], thus 
blocking its activity competitively. However, some inhibitors also bind to the kinase outside the 
ATP pocket, either partially or completely, and thus inhibit the functional ATP transferase activity 
in an allosteric manner [13,14]. Receptor tyrosine kinases are located on the cell membrane and 
are activated via binding of their designated ligands to the extracellular domains of the receptors, 
initiating intracellular signaling cascades. These signals ultimately lead to gene transcription 
partially via non-receptor kinases. The regulation of tyrosine kinase pathways is tightly controlled 
in healthy cells, whereas in tumor cells it is deregulated [11]. The cause of deregulation can vary 
in different cancers, thereby creating a need to target a single tyrosine kinase or perhaps even 
multiple kinase cascades. 

EGFR and VEGFR are the two most extensively studied growth factor receptors in cancer research. 
Epidermal growth factor receptor (EGFR) is often deregulated in breast, pancreatic, colorectal, 
prostate, advanced gastric and lung cancers. It is encoded by a proto-oncogene and activates 
several downstream signaling pathways which play a role in cell proliferation, invasion, survival 
and angiogenesis [15]. Its overexpression/overstimulation has been correlated with increased 
angiogenesis especially in renal cell carcinoma (RCC) [16] and pancreatic carcinoma [17]. One
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of the most important factors for angiogenesis is the production of vascular endothelial growth 
factor (VEGF). VEGF can be induced via PI3K/Akt, Ras/Raf and HIFα pathways which are also 
influenced by EGFR signaling [18,19]. Under hypoxic conditions, characteristic in cancer tissue, 
the hypoxia inducible factor (HIFα), activates the production of VEGF. Upon production, VEGF can 
bind to VEGF receptors (VEGFR) (particularly VEGFR-1) on vascular endothelial cells; which in 
turn, stimulates the migration of endothelial cells close to the tumor microenvironment, resulting 
in angiogenesis [20,21]. In addition, VEGFR-2 expression observed in ovarian and pancreatic 
tumor cells, indicate that VEGF acts in an autocrine manner in a tumor cell [18,22]. Moreover, 
tumor vascular endothelial cells express EGF receptors, thereby enhancing the production of 
VEGF, particularly in hepatocellular carcinoma (HCC) [23] and RCC [24]. Recently, the transfer 
of functional EGFR from tumor cells to endothelial cells was shown to occur via tumor cell-
derived microvesicles. Within the endothelial cells the EGFR induced responses include activation 
of MAPK and Akt pathways [25]. Also in A431 human tumor xenografts in mice, angiogenic 
endothelial cells stained positive for human EGFR and phosphorylated EGFR, while prevention 
of receptor transfer led to a reduced tumor growth rate and angiogenic response [26]. This two-
sided interaction between tumor vascular endothelial cells and tumor cells expressing EGFR 
increases the angiogenesis, metastasis and survival of tumor cells. Therefore, targeting EGFR 
and VEGFR pathways simultaneously seems an attractive approach to attack cancer, and may 
prevent the activation of signaling cascades contributing to resistance against targeted anti-cancer 
therapies. 

1.2. Safety Aspects of TKI Targeting EGFR and VEGFR Pathways 

Erlotinib and gefitinib are among the first generation TKI approved and are used in the treatment of 
non-small cell lung cancer (NSCLC). The clinical outcome of the mono-therapies with these drugs 
is not outstanding, with 9-18% patient response rates [27]. One explanation for this lack of clinical 
success is that multiple signaling pathways are involved in the survival of tumor cells, and blockade 
of a single route can be compensated by other pathways. This ambiguity of signaling pathways is 
partly inherent to how these growth factor cascades function [28]. The second generation TKI 
such as sunitinib, sorafenib and vandetanib, have multiple targets. Sunitinib inhibits VEGFR1-2-3, 
PDGFR, bFGF and c-KIT. Sorafenib was designed to inhibit the mutated B-Raf kinase, however its 
effect on VEGFR-2 and PDGFR inhibition was discovered later. Vandetanib is designed to inhibit 
the synergistic signaling between EGFR and VEGFR which should be beneficial in overcoming anti-
EGFR resistance in correlation with elevated VEGF expression, as is observed in colon cancer 
[27]. Whether single or multi-target TKI are applied, the current trend in anticancer therapy is to 
use them in combination with a monoclonal antibody (Mab) directed to growth factor receptors, 
or with conventional cytotoxic therapies or other classes of TKI [29]. Although the combined 
inhibition of multiple pathways will improve efficacy and thus therapeutic outcome, systemic 
side effects are also more likely to occur. Thus, as in conventional therapy, dose-limiting toxicity 
is still a major issue in molecular targeted therapies. This is even more true for broad-spectrum 
kinase inhibitors, also referred to as multi-kinase inhibitors. Multi-kinase inhibitors target several 
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activated pathways simultaneously in order to increase efficacy, but they do so at the expense 
of safety [6]. For instance, interference with the endothelial cell regulation via VEGFR inhibitors 
such as sorafenib and sunitinib can result in bleeding, impaired wound healing, thrombotic events, 
severe infections and heart failure [30]. In case of long term use, one of the most marked side 
effect of VEGFR inhibitors, hypertension, was especially correlated with heart failure [31,32]. Cells 
with epithelial origin, such as gastrointestinal tract and skin cells, are widely effected by EGFR 
inhibitors. Inherently, rash and diarrhea are the most common side effects observed with these 
drugs. Erlotinib and lapatinib treatments were reported to induce diarrhea in 40-60% of patients 
and the incidences were controlled by reducing the dosage. In addition, pulmonary and cardiac 
toxicities were also observed in minor percentage (< 10%) of the treated patients [33]. Imatinib, 
considered as a more specific drug relative to VEGFR and EGFR inhibitors, has also off-target 
effects, such as fatigue, vomiting, nausea, diarrhea and some skin disorders [6]. 

2. Drug Delivery and Targeting 

The safety of molecular targeted therapies can be further improved by physically delivering them 
to the tumor tissue by means of drug delivery systems (DDS). Such an approach can be tumor-
selective by means of a targeting ligand such as monoclonal antibodies or other tumor-cell binding 
ligands, but the approach can also derive its tumor-homing from anatomical differences between 
tumors and normal tissues. The following sections will briefly summarize the basic principles that 
underlie the majority of drug targeting strategies. 

2.1. Drug Delivery and Targeting via Tumor Specific Features 

In order to guide its therapeutic cargo to tumor tissues and/or tumor cells, drug delivery systems 
take advantage of the differences between tumor vasculature and normal blood vessels, and 
other recognizable features of tumor cells. The extracellular environment of the tumor changes 
when it reaches a certain size, usually in the order of a few cubic millimeters. Due to increased 
metabolism, the oxygen supply becomes insufficient and the metabolic breakdown of glucose into 
lactate decreases the extracellular pH of the tumor tissue. These hypoxic conditions trigger the 
formation of new blood vessels (angiogenesis) which is a crucial step in cancer growth [34,35]. 
However, the formation of new blood vessels in tumors is not as rigorously regulated as in normal 
tissues, and this leads to the development of abnormal blood vessels. Tumor blood vessels are 
more leaky, tortuous and dilated than normal blood vessels. In solid tumors, the gaps between 
the endothelial junctions are in the range of 0.4-0.8 µm, depending on the tumor type [36]. The 
leakiness of tumor blood vessels can be exploited for drug delivery. Particulate drug delivery 
systems and macromolecules can extravasate into the tumor stroma, while the lack of lymphatic 
drainage ensures retention. This phenomenon is called the enhanced permeation and retention 
(EPR) effect, which is common in solid tumors. Of note, the enhanced permeation of the blood 
vessels would not be effective in delivering particulate systems without the retention effect, 
and the retention should be long enough so that the DDS can release its drug into the tumor 
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interstitial space. One of the strategies to enhance the tumor retention is to ensure that the 
DDS is taken up by cancer cells, by means of a tumor cell directed ligand that binds to an 
internalizing receptor. This will also facilitate the subsequent intracellular release of the drug. 
This latter approach is called active targeting, while the other strategy that takes advantage of 
the EPR effect is often referred to as passive drug targeting [34,37]. To take advantage of the EPR 
effect, the carrier system should have dimensions between macromolecules and colloidal systems 
and, of course, be smaller than the gaps between the endothelial junctions. In addition, as the 
statistical probability of extravasation increases with time, long-circulating carriers are preferred. 
After accumulation, the anti tumor effect of the drug is largely dependent on the physicochemical 
properties of the particulate system and the tumor microenvironment. Tumor specific conditions 
such as low pH and the presence of certain enzymes can be used as a trigger to disintegrate the 
particulate delivery system and subsequently release its drug into the tumor interstitial space. 
As mentioned above, active drug targeting relies on targeting ligands that bind specifically to 
surface receptors expressed by tumor cells [37]. Many tumor cells express receptors that are 
not present on normal cells, while other receptors can be over-expressed by tumor cells as 
compared to normal cells. The most common approach for equipping a DDS with targeting 
ligands is to conjugate monoclonal antibodies (Mab) as a targeting ligand to the drug carrier. 
However, other ligands such as peptides [38], silk-fibroin, [39] and folic acid [40] can also be used. 
Ideally, the binding of the targeted DDS to the receptor triggers its internalization via receptor 
mediated endocytosis, resulting in its accumulation in the lysosomal compartment of the tumor 
cells. From here, the DDS needs to release its drug content into the cytosol [41]. 

2.2. Drug Delivery Systems 

Drug delivery systems can be classified according to the material they are made of. The most 
common particulate systems are lipid and polymer based nanoparticles. With particulate systems, 
the strategy is to encapsulate the anticancer drug within the core of these particles. The advantages 
of these systems are a high loading capacity, tunable release and delivery of ‘difficult drugs’ (e.g 
hydrophobic drugs) [42]. 

A second type of drug carriers is macromolecular bioconjugates. In contrast to particulate carrier 
systems, the drug is directly coupled to the carrier molecule. Commonly applied carriers are 
monoclonal antibodies, albumin and hydrophilic polymers. The loading capacity of the drug is 
lower as compared to particulate DDS and the linkage system should be selected carefully to 
achieve a full and on time release of the drug into the tumor tissue [43]. 

The most appealing point of using DDS in anticancer therapy is that it can enhance the 
biodistribution of the drug to the tumor, and at the same time can avoid non-tumor tissue. Several 
physicochemical properties of the DDS can be tailored to fulfill these aims. First, of all, surface 
shielding of DDS can decrease the uptake by macrophages that are part of the reticuloendothelial 
system (RES). Polyethylene glycol (PEG), a well known water soluble polymer, renders the 
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particles more hydrophilic and thereby prevents the opsonisation of the DDS by macrophages. 
The reduced clearance by macrophages will increase the circulation time of the DDS and thus can 
enhance the chance that the particles can benefit from the EPR effect and subsequently localize in 
the tumor tissue [44]. Also, macromolecular bioconjugates with a charged or hydrophobic surface 
are more likely to be opsonized compared to neutral or hydrophilic ones [45]. 

A second feature of the DDS that can be tailored is its size. In order to pass from the leaky 
vasculature, particulate DDS should be in the size range of 100-300 nm. In addition, size is strongly 
related to circulation time as even PEGylated systems are more rapidly cleared with increasing 
particle size. Particles in the µm range are directly taken up by the RES and above 10 µm they 
can cause embolization in the lung and liver [46]. However, particles having a size in the µm range 
can be injected locally in the tumor, where they can serve as a drug-releasing depot and establish 
a sustained drug release [47]. In case of macromolecular bioconjugates the molecular weight 
defines its removal by the kidneys via renal filtration, i.e. bioconjugates smaller than 30-50 kDa 
are filtered out by the kidneys. Whereas the accumulation at the tumor site occurs via EPR effect 
similar to particulate DDS [45]. 

Many anticancer drugs are highly hydrophobic and require organic solvents to be dissolved in 
high doses. For instance, paclitaxel is administered together with Cremophor EL and ethanol to 
prevent it from precipitating in the plasma [48]. The poor solubility of drugs can be overcome by 
using a polymeric or liposomal drug delivery formulation. Hydrophobic drugs can be dispersed 
in the polymeric core of particles, or dissolved in the lipid bilayers of the liposomes. Alternatively, 
when using a macromolecular DDS, the drug can be coupled to a hydrophilic carrier to enhance 
its water solubility. Thus, the poorly soluble drug is made soluble by using a water soluble carrier 
molecule, such as albumin [49,50].  

The retention of drugs in DDS can be controlled by the encapsulation method for the drug 
and the physical properties of the DDS. A drug can be encapsulated in a particulate system by 
chemical or physical attachment. In case of polymeric formulations, the composition of the co-
monomer can be varied to obtain a desired release profile [51]. However, the porous structure 
of polymeric particles can lead to a burst release of the encapsulated drug. Commonly applied 
techniques to counteract this phenomenon are the cross-linking of the polymeric shell, or the 
chemical attachment of the drug to the polymeric material. In this latter case, the release of the 
drug can be controlled via the degradation rate of the linker between drug and carrier system 
[52]. 

The loading efficiency and the retention of the drug in the liposomal formulation can be increased 
by using methods such as remote loading [53], a process in which the encapsulation of the drug 
is promoted by a pH difference between the inner environment of the liposomes and the outer 
environment. Highest loading efficiencies are reached when the drug precipitates inside the lipid 
vesicles.
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3. Tumor-directed Delivery of Kinase Inhibitors 

Signal transduction research has shown a tremendous popularity during the past decades. 
Many potent and selective kinase inhibitors have been reported, and these compounds have 
proven valuable in academic settings as well as in the clinic. Drug delivery of kinase inhibitors, 
however, has only emerged very recently as a novel technique for signal transduction inhibition. 
By definition, kinase inhibitors are intrinsically targeted molecules that already are specific, and 
local delivery of such compounds was not considered interesting. The last years, however, have 
shown an increasing number of papers dedicated to this topic. Table 1 summarizes the literature 
regarding the combination of kinase inhibitors with a DDS. We will discuss the properties of 
the applied DDS (Fig. 2) and the effects of the targeted formulations on tumor (cell) responses. 
Structures of the listed kinase inhibitors are shown in Scheme 1. 

3.1. Particulate Drug Delivery Systems 

Three different classes of particulate DDS have been used for the localized delivery of kinase 
inhibitors to tumors. First, nanoparticles that can be injected intravenously have been developed 
using either lipid based formulations (class 1) or polymeric components (class 2). These DDS 
can circulate in the blood stream and can home to the tumor via either active drug targeting 
or via passive targeting, as discussed above. The third type of particulate drug carrier, polymeric 
microspheres, cannot be administered intravenously since microparticles will be trapped in the 
first microvascular bed that they will encounter, usually the lung capillary bed. Hence, these 
particles cannot reach the tumor vessels following systemic administration, unless they are 
injected in an artery that drains into the tumor-inflicted organ. For tumor targeting, however, 
such drug-loaded microparticles can be implanted locally as drug eluting depots. 
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 Figure 2. Schematic representation of the drug delivery systems.  
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Scheme 1. Structures of discussed kinase inhibitors

3. Tumor-directed Delivery of Kinase Inhibitors 

Signal transduction research has shown a tremendous popularity during the past decades. 
Many potent and selective kinase inhibitors have been reported, and these compounds have 
proven valuable in academic settings as well as in the clinic. Drug delivery of kinase inhibitors, 
however, has only emerged very recently as a novel technique for signal transduction inhibition. 
By definition, kinase inhibitors are intrinsically targeted molecules that already are specific, and 
local delivery of such compounds was not considered interesting. The last years, however, have 
shown an increasing number of papers dedicated to this topic. Table 1 summarizes the literature 
regarding the combination of kinase inhibitors with a DDS. We will discuss the properties of 
the applied DDS (Fig. 2) and the effects of the targeted formulations on tumor (cell) responses. 
Structures of the listed kinase inhibitors are shown in Scheme 1. 

3.1.1. Liposomal Formulations 

One of the first studies reporting on particulate DDS with a kinase inhibitor has been carried out 
by Harata et al., who studied a liposomal formulation of imatinib [68]. Philadelphia chromosome 
positive acute lymphoblastic leukemia (Ph+ ALL) and chronic myelogenous leukemia can be 
effectively treated with the bcr/abl kinase inhibitor imatinib, but imatinib is also associated with 
hematopoietic suppression and other dose-limiting toxicities. To overcome these problems, an 
active drug targeting strategy was developed in which leukemic cells were targeted by means of 
imatinib-loaded liposomes. The B-cell lineage marker CD19 is expressed on almost all Ph+
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ALL cells, and rapidly internalized upon binding of anti-CD19 monoclonal antibodies to the 
receptor. PEG-coated stealth liposomes were therefore decorated with anti-CD19 antibodies 
and the resulting DDS was evaluated in different leukemic cell lines. The liposomes used in this 
study were PEGylated and had a size of about 100 nm. Since leukemia cells are circulating cells, 
these liposomes can bind to the cancer cells within the circulation. As a consequence, active 
targeting is crucial in the applied delivery strategy and the accumulation into the tumor site 
via EPR is less relevant. Therefore an emphasis was put on internalization and cell death with 
these formulations. Depending on the ALL cell type and the expression of CD19, imatinib-CD19-
liposomes were efficiently internalized while control cells showed no binding to the liposomes. 
Similarly, the targeted liposomes induced cell death in CD19-positive leukemic cell lines in a dose 
dependent manner. In contrast, Imatinib-CD19-liposomes showed almost no cytotoxic effects in 
hematopoietic cells which already make them appealing as compared to free imatinib.

Katanasaka et al., explored the delivery of tyrphostin SU1498, an inhibitor of VEGFR2, to oncogenic 
blood vessels [38]. They used an Ala-Pro-Arg-Pro-Ala (APRPG) peptide as recognition ligand for 
tumor blood vessels, and coupled this peptide to PEGylated liposomes. APRPG peptide has been 
identified by phage display technology as a ligand that only binds to angiogenic blood vessels [54]. 
The actively targeted formulation APRPG-PEG-Liposome-SU1498 and its passive delivery control 
formulation PEG-LiposomeSU1498 were tested in vitro in angiogenic endothelial cells, and further 
evaluated in tumor bearing mice. First, the specificity of the APRPG-decorated liposomes was 
confirmed by testing the formulations on angiogenic endothelium and -as a control- on colon 
carcinoma cells. These studies demonstrated the cellular specificity of the targeted formulation. 
Moreover, in vivo testing in a C26 colon carcinoma model in mice showed that APRPG-targeted 
SU1498 liposomes strongly suppressed angiogenic responses, while the formulation without 
targeting ligand (PEG-Liposome-SU1498) did not show these responses. The authors concluded 
that active targeting is needed for efficient delivery of this kinase inhibitor into the angiogenic 
endothelium, in contrast to passive tumor targeting via the EPR effect. 

Emodin is a natural compound with potent anti-EGFR kinase activity [59]. This tyrosine kinase 
inhibitor has been formulated into liposomal nanoparticles that have properties somewhere 
between the actively and passively targeted systems discussed above. In order to enhance the 
adhesive properties of lipid based nanocarriers, and thus their capability to be internalized by 
cells, liposomes were coated with silk-fibroin (SF). SF is a biocompatible polymer derived from 
silk, and has affinity for polysaccharides. Adhesion of SF to the mucopolysaccharide layer of the 
cell will increase the chance that the delivered product is actually internalized by the cell, although 
SF itself does not trigger internalization nor does it bind to internalizing receptors. Another 
property of SF that may be relevant is that this polymer is integrated in the lipid bilayer of 
liposomes, in contrast to hydrophilic polymers like PEG that are used for stealth coating. The 
integration of SF into the lipid lamellar structures increased the rigidity of liposomes, which in 
turn positively affected the retention of drugs inside the DDS. Two different studies report on 
the development of SF coated liposomes loaded with emodin [60]. First, in the study by Gobin 
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et al., it was investigated how emodin can be formulated in this special type of liposomes, and 
how SF coating affected the drug release pattern from this nanomedicine. Cellular adhesion was 
evaluated on keloid fibroblasts, a type of fibroblast isolated from chronic wound tissues that 
overexpresses receptor tyrosine kinases. Next, by Cheema et al., emodin-containing liposomes 
were evaluated in breast cancer cell lines with different levels of Her2/neu expression [39]. SF-
liposomes showed an enhanced binding to breast cancer cells, and showed efficacy in Her2/
neu positive cells but not in control cells that expressed low levels of the receptor. Data on the 
in vivo behavior of SF-coated emodin liposomes have not been reported yet, and it is not clear 
how these nanoparticles will behave upon intravenous injection in the blood stream. It will be 
interesting whether these adhesive properties of the SF-liposomes will enhance the accumulation 
in tumor tissue or, inversely, that the system will undergo a more rapid systemic clearance and 
hence will accumulate less in the targeted tissue. 

3.1.2. Polymer Based Formulations 

Actively targeted polymeric nanoparticles were prepared for the delivery of rapamycin, an 
immunosuppressive drug which targets the mTOR pathway. Acharya et al., formulated rapamycin in 
polymeric particles composed of poly(lactic-co-glycolic) acid (PLGA), a well-known biodegradable 
and biocompatible polymer that is used in biomaterials and polymeric drug depots [56]. The 
degradation rate of this type of polymer can be tuned by varying its composition, which makes 
it an attractive material for particles that provide a continuous drug release. PLGA nanoparticles 
were surface modified with an anti-EGFR antibody, thus yielding a DDS that can bind to breast 
cancer cells and which can be internalized via receptor mediated endocytosis. Anti-EGFR-PLGA 
particles were favorably internalized by breast cancer cells and showed enhanced efficacy as 
compared to either non-targeted PLGA-rapamycin or free rapamycin when tested in vitro. The 
observed inhibition of the mTOR pathway by the immuno-nanoparticles resulted in cell cycle 
arrest and enhanced apoptosis. 

A recent study by Danhier et al., elegantly described how different types of polymeric nanoparticulate 
systems can be used for the delivery of a cyclin dependent kinase (CDK) inhibitor for efficient 
delivery of this kinase inhibitor into the angiogenic endothelium, in contrast to passive tumor 
targeting via the EPR effect [55]. JNJ-7706621, is a potent inhibitor of CDK-1,2,4 and causes cell 
cycle arrest, eventually leading to apoptosis. However, this compound is very poorly soluble in 
aqueous solvents, which severely hampers its intravenous administration in physiological solvents. 
Such compounds greatly benefit from formulation into micelles or other encapsulating carriers. 
Three different types of nanoparticulate carriers were evaluated for the delivery of JNJ-7706621. 
Polymeric micelles without targeting ligand and PLGA based nanoparticles with and without a 
targeting ligand (RGD) were used as DDS. Typically, micellar nanoparticles were smaller in size 
(50 nm diameter) than polymeric nanoparticles. All DDS were PEG coated and the RGD peptide 
was grafted to the distal end of the PEG corona. In vitro tests demonstrated that all systems were 
capable of inducing apoptosis in tumor cells, with JNJ-micelles and JNJ nanoparticles being equally 
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potent in inducing apoptosis. The RGD-targeted systems, i.e. the actively targeted nanoparticles, 
were the most effective formulations when evaluated in the transplantable liver tumor model in 
mice. Since CDK-inhibitors may act synergistically with other apoptosis inducing drugs, the efficacy 
of JNJ formulations together with similarly prepared paclitaxel nanoparticles was evaluated. Again, 
the two actively RGD-targeted systems were superior in inhibiting tumor progression. 

In an approach similar to SF-liposomes, mucoadhesive polymeric particles were prepared by 
coating of drug nanosuspensions with either SF or chitosan, a chitin-derived biopolymer [57]. 
Curcumin was chosen as a model drug for these studies. In addition to inhibiting various 
other pathways, curcumin also inhibits the Her2/neu pathway. Especially SF coated curcumin 
nanoparticles showed positive results, both with respect to cellular delivery and the in vitro 
efficacy in breast cancer cells. 

Several other nanoparticulate carrier systems of curcumin have been reported, as well as a classical 
liposomal formulation [58]. Promising results in rodent cancer models have been reported, with 
reduced toxicity and hence improved tolerability of the administered compounds. Since curcumin 
is a poorly soluble drug, the intravenous administration of this adjuvant chemotherapeutic 
compound is dependent on some kind of solubilizing technology, and both lipid based and 
polymeric nanoparticles can facilitate this, in addition to their targeting purposes [61,69]. 

One of the advantages of nanoparticulate carrier systems is that two drugs can be combined into 
a single DDS. This type of combination therapy will result in co-delivery of the two compounds 
into the same cell type or tissue, thereby increasing the chance of a simultaneous activity of 
the two administered compounds at the same site. Bae et al., investigated the co-formulation of 
wortmannin and doxorubicin in polymeric micelles [63]. The rationale for this combination is 
that sensitivity of cells to doxorubicin is increased when the PI3/Akt pathway is inhibited [64]. To 
ensure that both compounds remained entrapped in this type of system, the drugs were covalently 
linked to the polymers via acid sensitive hydrazone linkers. The hydrazone bond between the 
polymer and the drug is pH sensitive and can degrade at the low pH (pH<6) in tumor tissues and 
at intracellular compartments such as the lysosomes. Two types of mixed polymeric micelles were 
prepared, either consisting of polymers to which both drugs were linked -at varying ratios- to 
the same polymer backbone, or by blending different ratios of drug-loaded polymers having only 
one type of drug. Both types of polymeric systems were equally active. Further in vivo evaluation 
of these types of targeted DDS should show the feasibility of combining different classes of drugs 
in one formulation. 

3.1.3. Polymeric Microspheres 

Unlike polymeric nanoparticles or micelles, polymeric microspheres cannot be injected 
intravenously. Such DDS can be injected locally in the perimeter of a tumor, providing a local 
sustained delivery of the encapsulated drug. Imatinib was formulated in PLGA microspheres 
and tested for the local delivery in both subcutaneously and orthotopically implanted brain 
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tumors [47]. Very promising results were obtained, with substantial reductions in tumor size 
and inhibition of immunohistochemical therapeutic indices such as PDGFR phosphorylation and 
tumor vessel density (CD31 staining). These results were obtained with a single local injection of 
the microspheres that contained a relatively low dose of imatinib, corresponding to 1.25 mg of 
imatinib/mouse (s.c. models) or even only 225 μg imatinib for the intracranial implanted tumors. 
No systemic side effects were observed, as can be expected when such a drastic dose reduction 
is achieved. 

Several other recent papers report on the formulation of kinase inhibitors in microspheres. These 
studies report primarily on formulation aspects and drug release characteristics of the developed 
systems [65,66]. Although it is too early to value these DDS for their therapeutic potential in 
the treatment of cancer, it is recognized that local administration of kinase inhibitors can be an 
attractive strategy. We therefore await the follow-up studies of these microsphere formulations 
with great interest.  

3.2. Macromolecular Bioconjugates 

A common problem encountered with the intravenous administration of drug-like compounds 
is their poor water solubility. As an alternative to solubilization in micelles or encapsulation in 
nanoparticles, such hydrophobic compounds can be conjugated to hydrophilic polymers via a 
cleavable linker, resulting in water soluble drug-polymer conjugates. When the blood circulation 
time of the conjugate is sufficiently long, passive tumor accumulation can occur via the EPR 
effect. Moreover, active targeting to tumor cells or to angiogenic endothelium can be effectuated 
when targeting ligands have been linked to the macromolecular bioconjugates. Varticovski et 
al., have generated water-soluble N-(2-hydroxypropyl)methacrylamide (HPMA)-wortmannin 
conjugates [67]. To ensure selective drug release after uptake by tumor cells, wortmannin was 
conjugated via a tetrapeptide linker that can be cleaved by lysosomal cathepsins. The bioconjugate 
had a molecular weight of 20 kDa and contained approximately one drug molecule per polymer 
backbone. HPMA-wortmannin was active in angiogenic endothelial cells in vitro, but further follow-
up studies have not been reported. 

Curcumin was conjugated to the end groups of carboxylic acid-terminated PEG, yielding a 
bioconjugate consisting of two drug molecules linked via ester bonds to a 35 kDa long hydrophilic 
polymer [70]. PEG-curcumin inhibited cell growth of human pancreatic cells in vitro. Since ester 
bonds can be readily hydrolyzed, stability studies were not performed, it is not clear whether 
the observed activity is due to the PEG-drug conjugate itself or that it reflects the activity of 
curcumin released from the conjugate within the time frame of the experiments. 

As an alternative to chemical polymers, human serum albumin (HSA) has been used as nature-
derived drug carrier that combines good water solubility with excellent biodegradability. Temming 
et al., further derivatized albumin with RGD-peptide ligands to obtain a carrier directed to 
angiogenic endothelial cells [49,50]. Conjugation of hydrophilic PEG tethers further increased 
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the water solubility of this carrier system, and introduced stealth properties, i.e. a hydrophilic 
corona that can diminish the interaction with non-target cells or the opsonisation of plasma 
proteins. RGD-PEG-HSA was used as carrier for two different types of kinase inhibitors, either 
directed to inflammatory signaling (p38 MAPkinase inhibitor, SB202190) or to angiogenic signaling 
(VEGFR2 kinase inhibitor, vatalanib). Conjugation of the kinase inhibitors was effectuated via a 
platinum(II) based type of linker (ULS™; universal linkage system), that forms a co-ordination 
bond with the conjugated drug. Both RGD-PEG-HSA-SB202190 and RGD-PEG-HSA-vatalanib 
were internalized by angiogenic endothelial cells and inhibited the targeted pathways in vitro. In 
a similar linking approach, gefitinib was conjugated to the anti-EGFR antibody trastuzumab, and 
several other bioconjugates directed to non-tumor tissue were prepared [71]. In vivo evaluation 
of these latter conjugates showed that the bioconjugates were delivered to the targeted organs 
and ensured a prolonged intracellular slow release depot of the kinase inhibitors. Follow-up 
studies must demonstrate whether this approach is successful in the treatment of cancer.  

4. Conclusion

Molecularly targeted therapies based on kinase inhibition are becoming more and more important. 
In fact, the number of patent applications filed for kinase inhibitors during the last 10 years has 
exceeded 10.000. Cancer cells have multiple pathways to control their survival instead of one 
[62]. Targeting several pathways simultaneously is therefore often more attractive than targeting 
a single pathway, as has been demonstrated by combining EGFR and VEGFR inhibitors in colon 
and pancreatic cancer [72]. As an alternative to designing kinase inhibitors that can block multiple 
pathways, so-called multikinase inhibitors, one can also combine more than one kinase inhibitor 
in a single DDS. Formulation of kinase inhibitors in particulate drug carriers or their conjugation 
to (bio)polymers is a relatively novel research area that will emerge in the coming years. We 
have provided an overview of the different DDS that have been developed for cancer, and have 
discussed the current state-of the art of tumor-directed nanomedicines. The accumulation and 
retention at the tumor site of these novel kinase inhibitor formulations will have a tremendous 
impact on their biological profile in vivo, and will certainly improve their safety profile. When 
these DDS prove to be successful, the traditional testing of anticancer drugs will be replaced by 
targeted formulations which locally inhibit pathways that are involved in tumor growth, invasion 
and metastasis. Such a paradigm shift in the use of kinase inhibitors will make it possible to use in a 
clinical setting several potent signal inhibiting compounds which would otherwise be discontinued 
from further development due to poor physicochemical properties or unacceptable side-effects.
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Abstract

The discovery of naturally occurring heavy chain only antibodies and their further development 
into small recombinant ‘nanobodies’ offers attractive applications in drug targeting. Here, we 
describe the properties of nanobodies that have been developed to target the epidermal growth 
factor receptor (EGFR) and contrast these to the characteristics of heavy chain only antibodies 
and conventional antibodies. EGFR is overexpressed in many tumors and is an attractive target 
for tumor-directed drug targeting.
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1. Passive and active drug targeting to tumors

Tumor-targeted drug delivery takes advantage of the differences between malignant and healthy 
tissues. The environment of the tumor changes as the tumor grows. Due to increased metabolism 
and growth, the oxygen supply becomes insufficient and the metabolic breakdown of glucose, 
forming lactate, decreases the interstitial pH of the tumor tissue. Together, hypoxia and glucose 
depletion trigger the formation of new blood vessels (angiogenesis) which is crucial for the 
proliferation, migration and maintenance of the tumor [1]. Angiogenesis is tightly controlled in 
healthy tissues. The absence of tightly regulated pathways for the formation of new blood vessels 
in tumors leads to a heterogeneous vasculature that is tortuous and disorganized. In solid tumors, 
the gaps between the endothelial junctions are in the range of 300 nm to 1 µm, depending on the 
tumor type [2]. This enhanced permeability can be exploited for drug delivery. The phenomenon 
is known as the enhanced permeability and retention (EPR) effect. Many colloidal drug delivery 
systems take advantage of this effect by combining a small size (that allows passage through the 
gaps) with a long circulation time (that increases the statistical probability of extravasation). The 
colloidal nature of the drug delivery system combines well with the convective transport and limits 
lymphatic drainage. Active targeting involves the ‘directing’ of the delivery systems to receptors 
or target molecules via ligands [3,4]. Conventional monoclonal antibodies (mAbs) arguably have 
been the most popular molecules used as a ligand to target particulate and macromolecular drug 
carriers.

2. Conventional monoclonal antibodies

Conventional human antibodies are 150 kDa glycoproteins produced by plasma B-cells (Fig. 1a). 
They are composed of two light (L) and two heavy (H) chains. Both light and heavy chains have 
a variable and a constant region, at the N and C-terminal domains, respectively. The variable 
N-terminal domain of both chains determines the antigen specificity and constitutes the 
complementarity determining region (CDR). The C-terminal part is constant. The terminal C2–
C3 constant region of the heavy chain is called the Fc fragment of the antibody. Certain immune 
cells such as monocytes, macrophages and some lymphocytes have receptors that bind to the Fc 
fragment [5,6]. 

Monoclonal antibodies (mAbs) can be coupled to the surface of colloidal drug delivery systems. 
They have also been used to form molecular conjugates with drugs and to target receptors or 
soluble molecules to block pathways involved in tumor progression [5,7]. mAbs as drug targeting 
ligands can either be internalizing or non-internalizing. Usually the internalizing type is preferred 
as it facilitates uptake of the drug loaded carrier system and hence increases intracellular drug 
concentrations. However, non-internalizing mAbs may release the drug into the extracellular 
space which subsequently can be taken up by cells via conventional routes, such as diffusion or 
active transport into tumor cells. To circumvent the exposure of Fc-parts, mAb fragments have 
been used instead of the intact mAb [3,8]. Antibodies have been recombinantly rearranged in 
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such a way to increase the avidity upon antigen binding and having a smaller size compared to the 
intact antibody. For all these fragments it is important to note that the antigen binding domain 
is composed of two separate chains that need to be in the right spatial orientation for antigen 
binding. The Fv fragment, the variable fragments of one light (VL) and one heavy chain (VH), is 
the smallest antigen binding domain of a mAb. VL and VH are encoded by two different genes 
and their expression in a prokaryotic system is rather complex. In recombinant approaches, VL 
and VH are therefore commonly attached via a flexible polypeptide linker. This new recombinant 
antibody is called the single chain Fv (scFv; see Fig. 2a). However, the monovalent nature of 
scFv fragments decreases their avidity to ligands. Therefore, two scFv molecules can be linked 
to each other via a short peptide linker forming the so called diabodies (Fig. 2b) [9]. Diabodies 
can exert their effect in several ways. One approach is to crosslink tumor cells with immune 
cells, i.e. cytotoxic T-cells or macrophages. A second approach is to target conjugated drugs or 
drug carriers binding to tumor specific receptors [10]. Minibodies, finally, have an additional CH3 
domain in addition to the diabody structure (Fig. 2c). The CH3 domain provides an advantage in 
increasing the serum half life and the valence of these molecules. The bispecific variable domains 
target the tumor specific antigens whereas the CH3 domain interacts with the Fc receptors on 
certain immune cells, thereby triggering antibody dependent cellular cytotoxicity [11].

3. Heavy chain antibodies

Antibodies, with a single chain antigen binding domain, composed of heavy chains only (HCAb), 
were discovered in 1992 (see Table 1). The discovery was made by a group of students trying 
to purify the blood serum proteins of dromedaries. In addition to the conventional antibodies 
present in the serum, they came across an unusual antibody structure, which was devoid of light 
chains [12,13]. Later, the presence of these unusual antibodies was further investigated in other 
animals belonging to the camelidae family. It was found that also llamas, alpacas and camels had 
these antibodies without light chains [14]. The relative levels of HCAb differ: dromedaries have 
>50% while levels in llamas are 25–45% [15,16]. Heavy chain antibodies can also be present in 
human serum as part of gamma heavy chain disease, but these HCAb are not functional. On the 
contrary, the HCAb in camelids are fully functional [15]. As depicted in Fig. 1, HCAb, lack light 
chains (VL) and the CH1 region of the heavy chain that binds the VL. The variable region of the 
chain directly connects to the Fc fragment via a hinge region.
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Figure 1. The structures of A) conventional antibodies and B) heavy-chain antibodies and their antigen binding 

domains



Table 1: Differences between conventional and heavy chain antibody binding fragments

Heavy-chain antibody 
binding fragments

Conventional antibody 
binding fragments

Ref

Molecular weight ~15 kDa Intact antibody...150 kDa

Fv………………30 kDa

Fab……………..60 kDa

Fab2…………….110 kDa

Diabody………..60 kDa

[9,17,18] 

Antigen binding domains 3 hypervariable loops 
(CDR1, CDR2, CDR3)

6 hypervariable loops

(VL: CDR1, CDR2, CDR3)

(VH: CDR1, CDR2, CDR3)

[19]

Clearance from blood Fast 

monovalent:~1.5 h 

trivalent: 44h

Intact antibody…168 h

Fv………………..0.5-12h

Fab……………....10-20h

Fab2……………..10-24h

Diabody………….5-24h  

[15,20] 

Production of antigen 
binding fragments by 
recombinant technology

Easy to produce in bacteria 
and eukaryotic cells due to 
a less complex  structure

Production is inefficient in 
bacteria and eukaryotic cells

[15,21] 

Heat denaturation Reversible Generally irreversible [22]

Structure characterization Possible with NMR Not possible with NMR [23]

3.1. Nanobodies

Of HCAb, the smallest antigen binding fragment is a single chain called VHH, also known as a 
Nanobody [13]. The molecular weight of the VHH-chain is ~15 kDa. Unlike the conventional 
antibodies there are only three CDRs for antigen recognition [24]. Of these, CDR3, which has 
the greatest sequence divergence among the three loops for antigen recognition, is longer in 
HCAb compared to conventional mAb. The long CDR3 loop provides room for complex folding 
which helps forming grooves for antigen interaction. In addition to the extended CDR3 loop, the 
absence of light chain facilitates the interaction of HCAb with specific binding pockets of, for 
instance enzymes that are not easily accessible to conventional antibodies [16,25]. 

Because VHH are small and composed of a single chain, prokaryotic expression is more 
straightforward than for conventional antibody fragments. Recombinant Fab’, Fv and scFv genes 
have been expressed in prokaryotic cells (such as Escherichia coli, Saccharomyces cerevisiae, Aspergillus 
awamori and Pichia pastoris) for mass production. Although, the translation of the antigen binding 
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fragments are usually possible, the fragments produced in these hosts usually accumulate inside 
vacuoles or endoplasmic reticulum. As a result, the folding of the proteins to assume their final 
conformation is not always successful and purification of monoclonal antibodies and antibody 
fragments proved very difficult and expensive [21]. 

In contrast, recombinant production of nanobodies from bacteria appears much easier. Expression 
of a single VHH gene gives rise to a simpler protein structure. This structure contains more 
hydrophilic residues. Some conserved hydrophobic sequences on the framework 2 region of the VH 
domain facing the VL domain in conventional antibodies are substituted by hydrophilic sequences 
at positions 42, 49, 50 and 52 in VHH, which increases the solubility and enhances excretion of 
the proteins from the vacuoles. These characteristics have opened new opportunities for large 
scale and fast production. Also the presence of an additional disulfide bond between CDR1 and 
CDR3 in HCAb obtained from some species from the camelidae family provides protein stability. 
Presumably, this bond fixes these loops thereby increasing resistance to unfolding of the structure 
[22,25]. However, the non-human nature of nanobodies can cause immunogenic reactions upon 
administration. Humanization of the non-human amino acid sequences of the nanobody (~10 
amino acids) have been accomplished by grafting the non-human nanobody binding domains onto 
a humanized nanobody scaffold [26,27].

All the types of antibodies and their fragments have been used to target the epidermal growth 
factor receptor (EGFR), also referred to as ErbB-1 receptors. In this review we will focus on the 
EGFR targeted drug delivery systems equipped with anti EGFR-1 conventional antibodies and 
nanobodies.

Figure 2. The recombinant structures of A) scFv B) diabody and C) minibody

4. EGFR targeting

The ErbB receptor family consists of four tyrosine kinase receptors, known as ErbB1 (also 
referred to as EGFR; it is named HER1 in humans), ErbB2 (HER2 in humans; neu in rodents), 
ErbB3 (HER3) and ErbB4 [28]. Typically these receptors are composed of an extracellular ligand 
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binding domain, a transmembrane domain and an intracellular tyrosine kinase domain which is 
responsible from signal transduction. Upon ligand binding, ErbB receptors form dimers with the 
same receptor type or with a different receptor from the family located on the cell membrane 
[29]. Recent research shows that dimerization is crucial to induce downstream signals. This 
became apparent since HER2 does not appear to have a ligand and HER3 lacks intrinsic kinase 
activity, yet both receptors are able to activate signaling pathways. This implies that activation of 
signaling cascades besides ligand binding is also possible. For instance, overexpression of HER2 is 
sufficient to form dimers [30]. After ErbB receptor activation, activation of the MAPK and protein 
kinase C pathway, stress activated protein kinase cascade and Akt pathway occurs resulting in 
the transcription of protooncogenes such as fos, jun, myc as well as other transcription factors. 
The outcome of this downstream signaling is generally cell division, migration, differentiation, 
apoptosis or angiogenesis. The exact pathway is determined by the dimer pairs and type of ligand 
[30,31]. The overexpression of ErbB family of receptors in tumor tissue mostly in breast, prostate, 
gastric, ovarian, colorectal, brain and non-small cell lung cancers [29] led to the development 
of therapeutics targeting ErbB receptors, either with monoclonal antibodies directed against 
the extracellular epitopes of the protein or with tyrosine kinase inhibitors (TKI) targeting the 
intracellular domain.

4.1. Therapeutics targeting the EGFR pathways

The broad expression of ErbB family of receptors in several tumor types has stimulated research 
on ErbB receptor inhibition as therapeutic strategy. However, deactivating the ErbB receptor 
pathway is not straightforward, given that therapeutic resistance often develops after starting the 
treatment. The redundancy of the activated pathways upon ligand binding to the ErbB receptor 
is the predominant cause of cellular survival. In addition, resistance to ErbB receptor inhibition 
can occur when phosphatases are downregulated, thus further prolonging the activation of 
the ErbB receptor signaling pathway. Also other kinases can be activated due to overlapping 
signaling networks [30,32]. Resistance may also develop due to mutations that occur in the target, 
which might alter the structure of the ligand binding domain, rendering the receptor to function 
independent from the ligand. The EGFRvIII mutation, for example, that occurs in breast carcinomas 
and glioblastomas is characterized by a shorter extracellular domain which renders the receptor 
insensitive to ligands [33]. Therefore, blocking the ErbB receptor signaling pathway is likely to 
be more effective when therapeutic modalities are combined that inhibit multiple targets in the 
ErbB receptor signaling cascade. Targeted nanomedicines can be of great value in this respect, 
since they enable the co-delivery of different drugs into ErbB receptor-overexpressing cells, 
thus enabling their synergistic actions. Fig. 3 schematically shows how nanoparticulate systems 
loaded with therapeutic drugs and targeted to the EGF receptors can be used to inhibit tumor 
growth. Currently, there are several antibodies in clinical therapies that can block ErbB receptor 
signaling. Cetuximab, that targets the extracellular domain of the ErbB1 receptor has been used 
in the treatment of colon carcinoma with wild type KRAS tumors and head and neck squamous 
carcinoma [34,35]. Panitumumab, is a fully humanized antibody against the ErbBI and 
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has been approved for the treatment of metastatic colorectal cancer [36]. Pertuzumab, which 
targets the dimerization of HER2 is in phase II clinical trials [37]. Trastuzumab, targeting the ErB2 
(HER2), is used in the treatment of gastric and breast cancers [38]. As an alternative to blockade 
of the extracellular domains of ErbB receptors, kinase inhibitors are used that inhibit downstream 
signaling of ErbB activation. Commonly used inhibitors are erlotinib and gefitinib, which have 
been approved for treating non-small cell lung carcinoma, breast, prostate, ovarian and pancreas 
cancers [39]. Additionally, lapatinib that targets both the ErbB1 and ErbB2 has been approved for 
the treatment of breast cancer [38]. Other dual inhibitors are PKI-166 and CI-1033 which can 
inhibit EGFR and HER2 at the same time [40]. ErbB-1 receptor based therapies mostly effect skin 
and gastrointestinal tract cells where the outcome is usually observed as diarrhea and skin rash 
[41]. One positive aspect of the DDS mentioned in Fig. 3 would be to reduce the side-effects of 
these treatments by delivering the drug only to the tumor tissue.

4.1.1. Drug delivery systems equipped with anti-EGFR antibodies as a targeting ligand

Table 2 summarizes the nanoparticulate delivery systems in the literature equipped with anti 
EGFR antibodies and loaded with therapeutic molecules. Only drug loaded DDS have been 
included; studies dealing with targeted empty DDS have been excluded from this review. The 
data summarizes both in vivo and in vitro results. Nanoparticles formed from poly(lactide-co 
glycolide) acid (PLGA) or poly lactic acid (PLA) only are popular because these polymers have 
been approved for a wide variety of biomedical applications. Using PLGA nanoparticles equipped 
with mAb directed to the extracellular domain of EGFR, Acharya et al., showed by fluorescence 
microscopy that the targeted NP containing a fluorescence dye accumulated 13 times more 
compared to the non-targeted NP in MCF7 cell line. Cellular accumulation was supported 
by cytotoxicity studies where the targeted formulation was 10 and 70 times more effective 
than non-targeted and free rapamycin, respectively [42]. In another study with SK-BR-3 cells 
expressing high levels of ErbB2, Liu et al,. showed that there was 5 and 13 times difference in IC50 
values of ErbB2 targeted PLGA nanoparticles in comparison to non-targeted and free docetaxel, 
respectively [43]. Cell toxicity increased in case of more targeting ligand on the surface of NP 
and more drug load, indicating a synergistic/additive effect of the ligand with the drug. Cellular 
uptake was enhanced with longer incubation times of the formulations with cells regardless of 
the targeting moiety. These two studies show that even with similar nanoparticles and targeting 
ligand, different results can be obtained. The different outcomes are likely caused by differences in 
cell lines, EGFR-density, physicochemical properties of the drug and drug release – which define 
the therapeutic effect in the end. 

Paclitaxel is one of the most commonly used drugs in the treatment of breast cancer. Due to 
its poor solubility, nanoparticulate systems are popular for the delivery of paclitaxel into tumor 
tissue. Cirstoiu-Hapca et al., studied the delivery of paclitaxel via PLA NP into SKOV-3 ovarian 
cancer cell lines, overexpressing ErbB2. There was no significant difference (~50%) between free 
paclitaxel, targeted and non-targeted paclitaxel NP in terms of cell viability. This could be due to 
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the relatively short incubation time of 5 h of the formulations with cells. Also the release kinetics 
of paclitaxel was not investigated making the cause for the limited efficacy unclear [44]. Lee et al. 
delivered paclitaxel via cationic P(MDS-co-CES) micelles coupled to Herceptin. The cell viability 
was studied in three different cell lines with increasing ErbB2 levels. There was no significant 
difference in cell viability for the targeted vs. non-targeted formulation in the low and moderate 
ErbB2 expressing cell lines and only slightly more cell death in the high ErbB2 expressing cell 
line. However, in this case the drug concentration was 2 fold higher, therefore the enhanced 
cytotoxicity cannot be attributed solely to the addition of the targeting ligand [7]. 

Gold nanoparticles (Au NP) are attractive delivery systems due to their biocompatibility, stability 
and tunable physicochemical properties. Table 2, summarizes two studies with Au NP targeting 
EGFR overexpressing cells. Multiple cell lines with different EGFR expression levels were tested 
for Au NP accumulation. Cellular accumulation of the loaded particles was positively correlated 
to EGFR density. However cell viability or proliferation, were not significantly different between 
targeted and non-targeted Au NP for any of the cell lines. In vivo, however, effects of drug loaded 
EGFR targeted particles were superior in comparison to non-targeted particles. Explanations 
for this discrepancy between in vivo and in vitro results are likely found in the barriers that are 
encountered by the nanoparticles in vivo and in vitro. Whereas the in vitro barrier is formed by the 
cellular membrane, in vivo uptake by target cells can be compromised by competitive uptake by 
non-target cell types, premature dissociation or release of the drug or excretion or extravasation 
of the DDS [45,46]. 

Feng et al. studied the delivery of sodium borocaptate (BSH) – effective when combined with 
radiation – into glioma cells overexpressing EGFRvIII via liposomes. Immunohistochemistry (IHC) 
images show a significant uptake of targeted liposomes vs. non-targeted liposomes, regardless of 
the 8 times more accumulation in the liver in comparison to the tumor tissue [47]. 

Human serum albumin (HSA) nanoparticles are attractive for their biocompatibility and 
biodegradability. Anhorn et al., studied the uptake and cytotoxicity of doxorubicin loaded HSA 
NP on SK-BR-3 cells. Doxorubicin loaded targeted and non-targeted NP formulations induced 
80% and 50% cell death, respectively. This significant toxicity of non-targeted NP might be due 
to doxorubicin release. Doxorubicin alone was not tested for toxicity, therefore it is not clear 
whether the high cell death of the targeted formulation is solely dependent on the delivery 
of the drug into cell or due to leakage of the drug from the particles [48]. In addition to drug 
loaded tumor targeted nanoparticulate systems, also immunoconjugates and immunotoxins have 
been used as cellular directed therapeutics in targeting ErbB receptor positive tumor cells. For 
instance, scFv antibody fragments directed to ErbB1 were fused with a fragment of a bacterial 
exotoxin A (ETA) to generate a scFv antibody – toxin construct [49]. Michaelis et al., studied the 
effects of the scFv–ETA immunotoxin on neuroblastoma cell lines insensitive to ErbB receptor 
tyrosine kinase inhibitors or monoclonal antibodies and showed that immunotoxins administered 
together with cisplatin decreased the viability of cells in comparison to single administration 
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of each [50]. Savary et al., studied the cytotoxicity of PTX-C225 conjugates in vivo and in vitro 
[51]. In vitro cell proliferation on A431 cells showed a superior inhibition of proliferation for 
the conjugates (~70% inhibition) compared to the free antibody and paclitaxel (10% inhibition). 
However, the in vivo effect of the PTX-C225 conjugates was not significantly different than the 
C225. The reason might have been the low dose of the conjugate administered or the premature 
release of the drug in the circulation before reaching the tumor site. Vega et al., studied the effect 
of C225-PEG-PG-DOX on A431 cells as well as on NIH3T3 cells that do not express ErbB1 
[52]. It was shown that the conjugate was efficiently taken up by A431 cells and not by NIH3T3 
cells indicating that uptake is dependent on ErbB receptor recognition. However, the cytotoxicity 
of the conjugate was only compared to the free doxorubicin and not with the PEG-PG-DOX 
construct.

Figure 3. A schematic representation of cellular binding and uptake of the DDS. Upon  receptor internalization the 

DDS is targeted to lysosomes  via the endosomes. In the lysosome thedegradation of the DDS takes place and the drug 

is  released. Commonly, drug molecules require transport into the cytoplasm to further inhibit the cellular pathways that 

leads to cell proliferation, differentiation and migration.
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5. Nanobodies for EGFR targeting

ErbB receptor targeting with Nanobodies is still a developing area and not many studies have 
been conducted yet. Huang et al., showed a positive correlation between nanobody uptake and 
ErbB-1 receptor density in three model cell lines expressing high, moderate and low amounts of 
ErbB receptors [6]. This study also demonstrated that nanobodies are able to accumulate in solid 
tumors. At the same time, nanobodies experience a disadvantage in vivo. Molecules smaller than 
60–70 kDa are subject to rapid filtration and excretion by the kidneys. Therefore, nanobodies with 
a size of 15 kDa are cleared rapidly from the blood circulation before reaching their target [53]. 
To prevent the rapid clearance of heavy chain antibodies from the blood, a number of strategies 
have been developed.

5.1. Coupling of nanobodies to albumin and porcine IgG

Llama heavy chain antibodies consisting of three domains have been recombinantly fused. The 
resulting proteins contain one albumin and two EGFR binding units (aEGFR–aEGFR–aAlb). The 
blood clearance and tissue accumulation was compared with aEGFR–aEGFR nanobody lacking the 
albumin-binding domain and the anti EGFR monoclonal antibody Cetuximab. It was shown that 
aEGFR–aEGFR was rapidly cleared from the blood circulation, as expected for a 30 kDa protein. 
In contrast, aEGFR– aEGFR–aAlb had a similar biodistribution and tumor targeting compared with 
Cetuximab. The increased blood circulation time paralleled by enhanced tumor accumulation of 
the nanobodies with albumin-binding domain could be attributed to the interaction with serum 
albumin in the blood allowing the protein to follow the kinetics of albumin. Besides improved 
pharmacokinetics and tumor accumulation, the albumin-binding nanobody derivatives were also 
successful in delaying tumor growth [53]. In addition to an albumin binding domain, nanobodies 
specific to porcine IgG (pIgG) have also been developed. A functional nanobody was recombinantly 
fused with anti pIgG nanobody. The half life of the functional VHH Piëtrain pigs was approximately 
2 h whereas the fusion protein with pIgG binding domain had a half life of approximately 7 days 
[54].

5.2. Bivalent, bispecific antibodies, pentabodies and chimeric antibodies

The ability to fuse different affinity domain genes with each other and still be able to produce them 
efficiently in a bacterial or yeast expression system has given rise to nanobody combinations and 
fusion proteins that have higher affinity, prolonged circulation time and higher tumor accumulation. 
At the same time nanobodies can be used for different goals meaning that a combination of the 
highest affinity with longest circulation time and highest tumor accumulation may not always 
be the best fit for this purpose. For instance in tumor targeting, very high affinity nanobodies 
will likely bind to the first target protein it encounters. This may lead to the target site-barrier 
concept where tumor target binding is achieved in the first microns after extravasation with 
poor efficiency in penetrating deep into the tumor [55,56]. In contrast, in imaging, high affinity 
and specific binding combined with a relatively fast clearance from the body is more desired [6]. 
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The terms bivalent and bispecific point out the existence of two domains of functional nanobodies 
in one construct. In the first construct there are two of the same functional domains and in the 
latter there are two domains with different specificities. Bivalent nanobodies can bind to the 
same site on receptors with close proximity, whereas the latter can bind to different domains 
on the same receptor or two different receptors altogether [57]. This approach can have three 
advantages; increased size (limiting renal clearance), higher affinity and improved specificity. Similarly, 
pentabodies [55,56]58] and other [59] multivalent nanobodies were engineered to increase the 
affinity and size of the nanobodies. In addition, chimeric antibodies – bivalent nanobodies fused with 
the human Fc fragment – have also been designed. Since the Fc fragment is involved in induction 
of antibody dependent cellular cytotoxicity (ADCC) and complement dependent cytotoxicity 
(CDC), the pathways that are normally activated in the body via conventional antibodies, these 
constructs try to bridge the gap between the ease of single chain nanobody production with 
the immunological properties of conventional antibodies [55]. Bell et al. and Iqbal et al., have 
compared monovalent nanobodies (~15 kDa), pentabodies (~120 kDa) and chimeric antibodies 
(~80 kDa) in terms of affinity, retention time in the body and targeting to tumor tissues. In both 
studies, the half life of the pentabody increased 2–4 fold compared to monovalent nanobody 
and the retention in the tumor was similar for both. However, the accumulation of the chimeric 
antibody reached a peak at 4 h after injection and was retained in the tumor for 72–96 h. Likely, 
the presence of the Fc domain increased the retention of the nanobody regardless of size [55,56]. 
So far, the nanobodies engineered to increase the half life and blood clearance has been mainly 
tested for tumor imaging. In addition, in some therapeutic studies nanobody conjugates have been 
made where a nanobody is fused to enzymes [60] or an enzyme fused nanobody is conjugated to 
drugs, [61]. However in this paper we will focus on nanoparticulate systems equipped with anti 
EGFR nanobodies that are used in tumor targeting.

5.3. Nanoparticles equipped with anti-EGFR nanobodies

Currently, there are two studies where anti-ErbB1 nanobodies are coupled to liposomes and 
polymeric micelles for tumor targeting and down regulation of ErbB receptor pathways (Table 
3). Oliveira et al., coupled a monovalent nanobody targeting the ectodomain of ErbB1 receptor 
to PEGylated liposomes. The resulting nanobody-liposomes now present the nanobody in a 
multivalent platform. Remarkably, nanobody-liposomes induced up to 90% ErbB1 internalization 
which subsequently led to receptor downregulation. In contrast, the monovalent nanobody was 
not able to effectuate this. The ability of the liposomal construct to downregulate the ErbB1 
pathway is promising for further studies, because the drug carrier system has an intrinsic 
therapeutic activity. Encapsulating drugs into these liposomes could be used to downregulate 
multiple pathways simultaneously [62]. Talelli et al., studied the conjugation of monovalent anti-
ErbB1nanobody to mPEG-b-p(HPMAm-Lacn) micelles and the binding of these micelles to the 
ErbB1 overexpressing 14C cells. The cellular association of the micellar multivalent construct was 
5 times higher compared to non-targeted micelles. Also, the binding of the polymeric micelles 
to ErbB1 positive cells was 10 times higher than and ErbB1-negative cells [63]. Together the 
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availability of a micellar and liposomal carrier system for ErbB receptors allows a wide variety of 
drugs to be encapsulated. The specific binding and internalization of the multivalent nanobody-
nanoparticle constructs are promising for combining different anticancer therapeutics in one 
formulation.

6. Discussion

The use of nanotechnology in drug delivery and targeting has broadened the concept of magic 
bullets introduced almost 100 years ago [64]. Nanoparticulate drug delivery systems with 
a size range of 60–200 nm, provides a huge surface to volume ratio. This large surface area 
provides a good opportunity for further functionalization of the delivery system. At the same 
time the inner core can carry high amounts of therapeutic molecules to the target destination 
in comparison to molecular conjugates. In retrospective, the first use of nanoparticulate systems 
in drug delivery was to overcome the solubility problem of hydrophobic drugs by encapsulating 
them into ‘like environments’, such as the hydrophobic core of polymeric carriers or into the 
lipid layers of liposomes. In addition to improving the pharmaceutical formulation of these 
drugs, nanoparticulate systems may also improve the distribution of the drug in the body as the 
nanoparticulate systems can extravasate through blood vessels surrounding tumor tissue and 
sites of inflammation. Furthermore, functionalization of the nanoparticle surfaces was investigated 
in order to decelerate the clearance of these nanocarrier systems from the circulation and 
decreasing aspecific interactions [65]. Surface modification of the nanoparticles such as PEGylation 
is currently the most popular strategy to achieve this. Coupling of targeting ligands should ideally 
improve the cellular uptake, circulation time, affinity and penetration into the tumor tissue [66]. 
However, this is largely dependent on the characteristics of the targeted moiety on the tumor 
cell. As depicted on Table 2, the in vitro effects of the targeted nanoparticulate systems do not 
always correspond to the in vivo effects, the latter usually being more difficult to control due to 
additional barriers in the body.
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Abstract

A novel, EGFR-targeted nanomedicine has been developed in the current study. Glutaraldehyde  
crosslinked albumin nanoparticles with a size of approximately 100 nm were loaded with the 
multikinase inhibitor 17864-Lx—a platinum-bound sunitinib analogue—which couples the drug to 
methionine residues of albumin and is released in a reductive environment. Albumin nanoparticles 
were surface-coated with bifunctional polyethylene glycol 3500 (PEG) and a nanobody—the 
single variable domain of an antibody—(EGa1) against the epidermal growth factor receptor 
(EGFR). EGa1-PEG functionalized nanoparticles showed a 40-fold higher binding to EGFR-
positive 14C squamous head and neck cancer cells in comparison to PEGylated nanoparticles. 
17864-Lx loaded EGa1-PEG nanoparticles were internalized by clathrin-mediated endocytosis 
and ultimately digested in lysosomes. The intracellular routing of EGa1 targeted nanoparticles 
leads to a successful release of the kinase inhibitor in the cell and inhibition of proliferation 
whereas the non-targeted formulations had no antiproliferative effects on 14C cells. The drug 
loaded targeted nanoparticles were as effective as the free drug in vitro. These results demonstrate 
that multikinase inhibitor loaded albumin nanoparticles are interesting nanomedicines for the 
treatment of EGFR-positive cancers.
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1- Introduction

One of the improvements of nanomedicine formulations is to increase the therapeutic index of 
highly potent drugs that often show severe side effects. Targeted delivery of these drugs to tumor 
tissues can increase antitumor efficacy and reduce toxicity by avoidance of normal tissues. Well 
known examples of nanoparticulate carriers are liposomes [1,2], polymeric nanoparticles [3] 
and micelles [4]. Recently, albumin nanoparticles have gained attention [5-10] especially after the 
success of albumin-based formulations such as Abraxane® [11]. These formulations take advantage 
of the properties of albumin, which is nature’s own carrier for binding and transporting drugs 
within the body [12]. In recent years, albumin nanoparticles have been further functionalized by 
coupling tumor-directed monoclonal antibodies (i.e., trastuzumab, cetuximab, antiCD3) [13-19] 
and other targeting ligands (i.e. folate, RGD, apolipoproteins) [20-25] onto their surface in order 
to increase their uptake by tumor cells. 

In the present study, a novel type of decorated nanobody-albumin nanoparticles, (abbreviated as 
NANAPs) is described. These nanoparticles are functionalized with anti-EGFR nanobody (EGa1) 
attached to the distal end of surface coated PEG chains (Fig. 1). Nanobodies are low molecular 
weight proteins (~15 kDa) that are derived from heavy chain-only antibodies as found in camels, 
llamas and dromedaries [26]. The antigen recognition domain of this type of antibodies is expressed 
in a single chain, in contrast to conventional antibodies which encode the antigen recognition loops 
in two separate heavy and light chains. Consequently, the recombinant production of nanobodies 
is easier than that of conventional antibodies, while they contain several other advantageous 
features such as high affinity to the target and the absence of an Fc domain [27-29]. Particularly 
in the case of antibody coupled nanoparticles, the presence of an Fc domain could lead to the 
recognition of the nanoparticles by the immune system, resulting in their fast clearance from 
the blood circulation [30]. Furthermore, compared to monoclonal antibodies, the single domain 
format of nanobodies facilitates easy selection from phage libraries [31]. As a result, nanobodies 
have been rapidly developed for many applications, i.e., imaging, cancer immunotherapy, blocking 
blood clotting and resins for immuno-affinity purification [32]. 

In this study, we explored the loading of a kinase inhibitor to albumin nanoparticles via chemical 
conjugation to the albumin backbone. The multikinase inhibitor 17864 used in this study targets 
several growth-factor signaling pathways and is structurally closely related to sunitinib [33]. 
Multikinase inhibitors inhibit the activity of several receptor tyrosine kinases by competitive 
inhibition of ATP binding, and thus are able to intervene in proliferation and survival of tumor cells 
and angiogenesis. Although the activity versus multiple molecular targets is attractive from efficacy 
point-of-view, this is also associated with lack of selectivity and hence greater risk for side effects 
[34]. Therefore, to enhance the accumulation of 17864 in tumor cells and prevent the exposure 
of healthy cells to the inhibitor, in the present study we developed a targeted nanomedicine that 
can guide the multikinase inhibitor to tumor cells. 17864 can be coupled to albumin nanoparticles 
by the use of a platinum based linker that coordinates the drug at its 
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pyridyl moiety and albumin at methionine and cysteine residues. As such, the presently developed 
NANAPs that can accumulate in EGFR-expressing tumor cells and upon intracellular degradation 
will release the conjugated multikinase inhibitor into the reductive environment of the cytosol, 
where the 17864 is released from the platinum linker [35]. Both 17864 and the 17864-Lx adducts 
inhibit several important tumor associated pathways like PDGFR and c-Kit [33]. The present study 
explores the potential of 17864-albumin nanoparticles as EGFR-directed targeted nanomedicine. 
The enzymatic degradability of the developed nanoparticles and cellular uptake and intracellular 
routing, as well as antiproliferative activity on EGFR positive human head and neck squamous cell 
carcinoma (HNSCC) UM-SCC-14C (14C) are studied.

Figure 1. Schematic representation of targeted nanobody-albumin nanoparticles (NANAPs) which consists of 
a glutaraldehyde crosslinked albumin core that has been surface modified with EGa1-PEG tethers. The multikinase 
inhibitor 17864 has been loaded into the core of the nanoparticles and is retained into the particles via Lx based platinum 
coordinative linkage. 17864 is an analogue of sunitinib.

2. Materials and methods

2.1. Chemicals

Albumin, human fraction V powder and glutaraldehyde, 8% aqueous solution, grade I, were 
purchased from Sigma Aldrich. NHS-PEG3500-maleimide was obtained from Jenkem Technology 
(Beijing, China). Sunitinib-malate was purchased from LC Laboratories, Germany. 17864 was 
obtained from Vichem chemie (Budapest, Hungary) and linked to Lx as described previously 
[33]. Rhodamine-Lx was obtained from Kreatech (Amsterdam, The Netherlands). Trypsin (5 mg/
ml) from porcine supplemented with EDTA and fetal calf serum was obtained from PAA, GE 
Healthcare. 
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2.2. Preparation of nanoparticles 

Nanoparticles were prepared by a desolvation technique according to Langer et al., with 
some modifications [36]. Briefly, 50 mg of HSA was dissolved in 1 ml deionized water, pH was 
adjusted to 8.3 by addition of 0.1 M NaOH and the solution was filtered through a 0.2 µm filter. 
Nanoparticles were formed by adding 4 ml of 92% ethanol to 1 ml of the HSA solution drop 
wise under constant stirring at 450 rpm. Immediately after ethanol addition, the formed particles 
were crosslinked with 8% glutaraldehyde (GA) and reacted overnight at room temperature (RT) 
under stirring. 18, 29 or 59 µl 8% glutaraldehyde (corresponding to 18:1, 30:1, 60:1 GA:HSA mol/
mol ratios) was added to obtain low, medium and high crosslinked nanoparticles, respectively. 
The nanoparticles were purified by two-step centrifugation, once at 1000 g for 5 min and once 
at 35,000 g three times for 1 h at 4 °C in deionized water. After centrifugation, the nanoparticles 
were sonicated for 4 min and stored in deionized water at 4 °C. The yield of nanoparticles 
was calculated from the dry weight of the nanoparticle suspensions after evaporation of the 
carrier solvent from 100 µl aliquots in a thermographic analyzer (TGA Q50™ instrument, USA). 
Aliquots of the suspensions corresponding to 6 µg albumin were loaded onto an SDS gel (4–12% 
crosslinked, Invitrogen, Breda, Netherlands) under reducing conditions to check for the possible 
presence of albumin and soluble multimers by Coomassie blue staining.

2.3. Loading of kinase inhibitors into albumin nanoparticles

Loading of sunitinib into albumin nanoparticles with different cross-link densities is described 
in the supplemental information. Coupling of 17864-Lx was performed according to Harmsen 
et al. [33] with minor modifications. In brief, 12 mg of low crosslinked nanoparticles (0.07 mg/
ml in water) was incubated with 1.2 mg of 17864-Lx (10:1 mol/mol, 17864-Lx:HSA) in 20 mM 
tricine/NaNO3 pH 8.5 buffer overnight at 37 °C. To prevent flocculation, SDS was added (final 
concentration 0.008% (v/v)). 17864-Lx loaded nanoparticles were purified by centrifugation 
and stored as described above. The 17864 content of the nanoparticles was determined after 
cleavage of the 17864-Lx coordinative bond by an overnight incubation with 0.5 M KSCN at 80 °C, 
followed by extraction with ACN (2:1, v/v) [37]. Released 17864 was determined with ultra-high 
performance liquid chromatography (Acquity UPLC®) on an Acquity UPLC® BEH C18 1.7 µm, 
2.1×50 mm column (Waters, Ireland). 17864 was eluted with a water/ACN/TFA gradient starting 
from 100% eluent A (95% H2O, 5% ACN, 0.1% TFA) and going up to 100% eluent B (5% H2O, 95% 
ACN, 0.1% TFA) in 7 min at a flow rate of 1 ml/min. 17864 was detected at 425 nm and eluted at 
2.2 min. 17864-Lx was injected as a reference and eluted at 2.7 min. 

2.4. Preparation of labeled nanoparticles for imaging

For cellular uptake and intracellular routing, three types of fluorescently labeled nanoparticles 
were prepared. Rhodamine was linked to the nanoparticles via the same linkage approach as 
17864, using a rhodamine-Lx adduct (Rho-Lx). In detail, 12 mg of nanoparticles (3 mg/ml) 
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was labeled with 144 µg of Rho-Lx (from a 4 mg/ml water stock), (1:1, mol/mol, Rho-Lx:HSA). 
Alexa-488 labeled nanoparticles were prepared by reacting 10 mg of nanoparticles (3 mg/ml) with 
33.9 nmol of Alexa488-NHS (Invitrogen, 0.2:1 mol/mol, Alexa488-NHS: HSA) in 0.1 M phosphate 
buffer (PB), pH 8 for 2 h at RT. For lysosomal degradation studies, nanoparticles were labeled with 
the near-infrared dye IRDye800 (Westburg, Leusden, The Netherlands). 18 mg of nanoparticles 
(3 mg/ml) was labeled with 85.5 nmol of IRDye800 CW NHS (0.3:1 mol/mol, IRDye800:HSA) in 
0.1 M PB, pH 8 for 2 h at RT. Labeled nanoparticles were purified as described in Section 2.2 and 
resuspended in 0.1 M PB pH 7.4 prior to use.

2.5. Preparation of NANAPs

Production of the anti-EGFR-1 nanobody (EGa1) was done as described by Roovers et al., 
with minor modifications [31]. Briefly, Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent 
Technologies, Inc., Santa Clara, CA, USA) transformed with pET28-nanobody plasmid were grown 
overnight at 37 °C in 2× TY medium containing 2% glucose and supplemented with 100 µg/
ml kanamycin and chloramphenicol. Next, 400 ml of 2× TY (tryptone/yeast extract) medium 
containing 0.2% glucose and 100 µg/ml kanamycin and chloramphenicol was inoculated with 
bacteria from an overnight culture with an OD600 of 0.1. This bacterial culture was incubated at 
37 °C at 250 rpm until it reached an OD600 of 0.6. Subsequently, 0.5 mM IPTG was added to the 
bacterial culture to induce EGa1 expression and the culture was further incubated at 25 °C for 6 
h. Cells were spun down at 4500 rpm and at 4 °C for 15 min and the pellet was resuspended in 
6.4 ml (per 400 ml culture) ice cold TES (200 mM Tris-HCl, 0.5 mM EDTA, 500 mM sucrose, pH 
8). To this suspension 10 ml of diluted ice cold TES (1:3 in water) was added and incubated on ice 
for 30 min. The bacteria were spun down at 4 °C for 15 min at 4500 rpm and the supernatant was 
collected. The pellet was resuspended in 10 ml ice cold TES, 120 µl 1 M magnesium sulfate was 
added and the mixture was incubated on ice for 30 min. The suspension was spun down at 4 °C 
for 15 min at 4500 rpm and the supernatant was added to the previously collected supernatant. 
Purification was performed on an ÄKTA purifier 10 (GE 7 Healthcare Europe GmbH, Munich, 
Germany) using a HisTrap™ Column (GE Healthcare) according to the manufacturer’s protocol. 
Nanobodies were eluted with an imidazole gradient (10–500 mM in 50 mM sodium phosphate, 
300 mM NaCl, pH 8 buffer) and the collected fractions were dialyzed overnight against PBS pH 7.4 
and stored at 4 °C. This procedure yielded 10 mg EGa1/1L bacterial culture, as was determined 
by a Micro BCA protein assay (Pierce Biotechnology, Rockford, IL, USA). EGa1 nanobody (18.3 
kDa) was modified with an 8-fold molar excess of N-succinimidyl-S-acetylthioacetate (SATA) 
(Pierce Biotechnology, Rockford, IL, USA) as described in [38]. The introduced sulfhydryl groups 
were deacetylated for 30 min at RT by a deprotection buffer (0.5 M Hepes, 0.5 M hydroxylamine-
HCl, 0.25 mM EDTA, pH 7) prior to addition of SATA-EGa1 to freshly prepared maleimidiyl-PEG 
nanoparticles. 12 mg of drug-loaded or empty nanoparticles (3 mg/ml) was reacted with 6.3 mg of 
NHS-PEG3500-maleimide (10:1, mol/mol, PEG:HSA) in 0.1 M phosphate buffer, pH 8 for 1 h at RT 
on a roller bench. PEGylated nanoparticles were isolated by centrifugation and resuspended in 0.1 
M PB, pH 7 and immediately reacted with SATA-modified EGa1 (46 µg EGa1/mg nanoparticle, 0.2 
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nmol EGa1/nmol albumin) for 2 h at RT. The depletion of the free EGa1 in the coupling reaction 
was confirmed by loading an aliquot of the reaction mixture to a gel after 2 h. Control batches of 
PEGylated nanoparticles not-bearing EGa1 were prepared by overnight quenching of maleimidyl 
groups in 0.1 M sodium carbonate buffer, pH 9. Final products were centrifuged, washed, and 
resuspended in 0.1 M PB, pH 7 prior to use. Coupling of EGa1 to nanoparticles was studied by 
dot-blot immunodetection of EGa1 by spotting 2 µg of NANAPs onto a nitrocellulose membrane, 
followed by anti-EGa1 western blotting. The membrane was blocked with 5% BSA in Tris-buffered 
saline with 0.1% Tween-20, pH 7.5 (TBS-T) at 4 °C overnight and incubated with rabbit polyclonal 
anti-VHH serum (antiserum raised to llama heavy chain only variable domain, diluted 1:5000 in 5% 
BSA in TBS-T) for 2 h and subsequently with goat anti-rabbit peroxidase-conjugated secondary 
antibody (1:1000 dilution in 5% BSA TBS-T, Thermo Fisher Scientific, Rockford, IL, USA) for 1 h at 
RT. The signal was detected by using the SuperSignal West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific, Perbio Science Nerderland B.V) and chemiluminescence was visualized 
by a ChemiDoc XRS system (Bio-Rad Laboratories, Inc, USA).

2.6. Characterization of NANAPs

Size distribution and polydispersity of the NANAPs were determined by dynamic light scattering 
(DLS) on a Malvern ALV CGS-3 (Malvern Instruments, Malvern, UK) containing a He\Ne laser 
source (λ =632.8 nm, 22 mW output power) under an angle of 90°. The zeta potential of the 
nanoparticles was determined using a Malvern zetasizer Nano-Z (Malvern Instruments, Malvern, 
UK). The measurements were performed in 5 mM phosphate buffer, pH 7.4 at 25 °C. The 
morphology and size of the nanoparticles were visualized by transmission electron microscopy 
(TEM). Briefly, samples (0.1 mg/ml in water) were soaked onto carbon coated copper grids for 
2 min and excess liquid was removed by a filter paper. The grids were negatively stained with 
2% uranyl acetate (Merck) for 45 s and dried for 10 min at RT before acquisition of TEM images 
(Tecnai 10, Philips, The Netherlands).

2.7. Release of 17864 from NANAPs

Release studies with 17864-loaded NANAPs (0.7 mg/ml) were conducted in PBS, 5 mM DTT 
in PBS and PBS supplemented with 10% fetal calf serum. At indicated time points samples were 
collected and diluted with 2 volumes of ACN to extract the released drug from the nanoparticles. 
Samples were spun down and the supernatants were analyzed by UPLC as described in Section 
2.3. Measurements were performed in triplicate.

2.8. Cell experiments

Cell experiments were performed with the EGFR-positive head and neck squamous cell carcinoma 
cell line UM-SCC-14C (abbreviated as 14C, developed by Dr. T.E. Carey, Ann Arbor, MI, USA). 
The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, PAA, Pasching, Austria) 
containing 3.7 g/l sodium bicarbonate, 4.5 g/l L-glucose, 2 mM L-glutamine and supplemented 
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with 5% (v/v) fetal calf serum, penicillin (100 IU/ml), streptomycin (100 µg/ml), and amphotericin 
B (0.25 µg/ml) at 37 °C in a humidified atmosphere containing 5% CO2. The tests for mycoplasma 
infection were performed every 3 months and the cells were found to be mycoplasma free.

2.9. Binding and intracellular routing of NANAPs

Cellular binding of NANAPs was studied using Rho-Lx labeled nanoparticles. 14C cells were 
trypsinized and seeded at 50.000 cells/well in round bottom 96-well plates (Becton & Dickinson, 
Mountain View, CA, USA) on ice to prevent adherence. Next, the cells were incubated at 4 °C with 
Rho-Lx labeled nanoparticles at concentrations ranging from 0.0625 to 2 mg/ml in culture medium. 
Incubations were performed for 1 h in culture medium in the dark after which the cells were 
washed three times with 0.3% BSA in PBS and fixed with 10% formalin. The mean fluorescence 
intensity was determined with a BD FACSCanto II and analyzed with BD FACSDiva™ software 
(Becton & Dickinson, USA). Each experiment was performed in triplicate. To demonstrate the 
involvement of EGa1/EGFR-1 in the interaction of nanoparticles with the cells, incubations were 
performed in the presence of an excess of free (100 µg) EGa1 nanobody (corresponding to 22-
fold molar excess for 1 mg/ml Ega1-PEG-NP). 

Internalization of NANAPs was studied with Alexa-488 labeled nanoparticles. 14C cells were 
seeded at 50.000 cells/well in 12 well plates and adhered overnight at 37 °C. 14C cells were pre-
incubated with 2% of either 1-butanol or 2-propanol in serum free culture medium for 1 min. 
Subsequently, Alexa-488-conjugated nanoparticles (0.5 mg/ml) were allowed to internalize for 
30 min in complete culture medium containing 2% of either 1-butanol or 2-propanol at 37 °C. 
After incubation, cells were put on ice and washed with ice-cold PBS to stop the internalization. 
Surface bound nanoparticles were removed by an acid wash (250 mM NaCl, 100 mM glycine, 
pH 2.5), performed two times for 10 min on ice followed by fixation of cells with 4% PFA 
(paraformaldehyde). Formalin-induced auto-fluorescence was quenched with 100 mM glycine in 
PBS for 15 min. Nuclei were stained with DAPI (Roche), 1 µg/ml in PBS for 5 min at RT. Images 
were taken with a wide field Olympus AX70 microscope, attached to a CCD camera (Nikon 
DXM1200) using a 60× objective oil immersion (NA 1.25/PlanFl). 

Lysosomal colocalization of NANAPs was studied with Alexa-488 labeled nanoparticles. 14C cells 
were seeded at 50.000 cells/well in 12 well plates containing uncoated 12 mm glass cover slips and 
were allowed to adhere overnight. Cells were incubated with Alexa-488 conjugated nanoparticle 
formulations (0.5 mg/ml) in culture medium for 2 h at 37 °C. As a positive control for lysosomal 
uptake, Alexa-488 conjugated EGF (Invitrogen, 1 ng/ml) was allowed to internalize for 15 min and 
was chased for an additional 45 min at 37 °C. Late endosomes and lysosomes were stained by 
adding Lysotracker-Red DND-99 (Invitrogen, 65 nM in culture medium containing 2% Marvel) 90 
min before fixation. Subsequently, cells were washed with PBS and fixed with 4% PFA for 30 min 
on ice and autofluorescence was quenched with 100 mM glycine for 15 min. Nuclei were stained 
with DAPI. Images were taken with a Zeiss Axiovert 200M confocal microscope equipped with a 
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63× oil immersion objective (NA 1.4). 

Lysosomal degradation of NANAPs was studied with IRdye800 labeled nanoparticles. After 
cellular internalization and digestion of these NPs, the IRDye800 metabolites will not diffuse out 
of the cells due to the hydrophilic and charged nature of this label [39]. 14C cells were seeded 
at 300.000 cells/well in 12-well plates (Becton & Dickinson, Mountain View, CA, USA) and were 
allowed to adhere overnight. Cells were pulsed with 0.5 mg/ml IRdye800 labeled NPs, PEG-NPs 
and EGa1-PEG-NPs for 2 h at 37 °C. The medium was replaced by fresh incubation medium 
supplemented with or without 10 µM of chloroquine (CQ) and cells were incubated for an 
additional 48 h at 37 °C. Cells were washed with PBS and lysed in 40 µl of reducing sample buffer 
(50 mM Tris-HCl, pH 6.8, 10% glycerol, 100 mM DTT, 2% SDS and 0.01% bromophenol blue). 
High and low molecular weight IRDye800 peptidic fragments were separated by SDS-PAGE and 
quantified using an Odyssey Infrared Imager ® (LI-COR Biosciences).

2.10. Inhibition of tumor cell proliferation

Antiproliferative effects of 17864 loaded NANAPs were determined by a BrdU assay performed 
according to the supplier’s instruction (Roche Diagnostics, Mannheim, Germany). 14C cells 
were seeded (4000 cells/well) in 96-well plates and allowed to adhere overnight. Cells were 
incubated with nanoparticles diluted in culture medium to concentrations ranging from 25 to 
800 µg/ml (albumin concentration), corresponding to 3–100 µM conjugated 17864. In addition, 
cells were incubated with solutions of 2.5–60 µM of free 17864 and 17864-Lx for comparison 
with the nanoparticle formulations. After incubation for 48 h, the medium was replaced with 
BrdU (10 µM) containing complete medium and cells were incubated overnight at 37 °C. BrdU 
incorporation into the DNA was determined according to the supplier’s protocol and measured 
on a SPECTROstarNano (BMG Labtech, Germany) at 450 nm with a reference wavelength of 690 
nm. Cell proliferation is expressed relative to control cells not treated with nanoparticles.

3. Results and discussion

3.1. Preparation of albumin nanoparticles

The nanoparticles were prepared by ethanol desolvation of albumin followed by crosslinking 
with GA [17,18,36]. As shown in Table 1, a subsequent two-step centrifugation yielded well-
defined 100 nm nanoparticles with a narrow size-distribution. At pH 7.4 the nanoparticles have a 
negative zeta-potential (as expected; the pI of the native albumin, i.e. 4.5 [40]). The zeta potentials 
became more negative with increasing GA crosslinking, which is in agreement with the depletion 
of primary amino groups upon increased GA crosslinking. The yield of the nanoparticles can be 
increased by increasing the ethanol volume fraction, however this also leads to the unwanted 
formation of bigger aggregates.
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Table 1: Characteristics of nanoparticles

Crosslink density Low Medium High
Size (nm) 98 ± 10 97 ± 2 94 ± 3
PDI 0.07 ± 0.03 0.08 ± 0.04 0.1 ± 0.03
Zeta Potential (mV) -29 ± 1.5 -36.5 ± 1.4 -38.5 ± 1.2
Yield (mg, %) 24  ± 3, 48% 24 ± 2, 48% 27 ± 1, 54%

PDI: polydispersity index (n=3)

3.2. Loading of multikinase inhibitors and preparation of NANAPs

Nanoparticles loaded with the clinically approved multikinase inhibitor sunitinib were prepared 
by either pre-loading or post-loading of the drug into albumin nanoparticles (see supplemental 
information). In vitro release studies, however, demonstrated a very rapid release of sunitinib 
from the nanoparticles, independent of the crosslink density, in the presence of 1% or 4% 
albumin in the release buffer (100% of the loaded amount was released in less than 30 min 
most likely due to interaction with soluble albumin; data not shown). Therefore, the studies were 
continued with the 17864-Lx compound which was conjugated to the albumin nanoparticles via a 
coordinative linkage [35]. Only low cross-linked nanoparticles were used for the following studies, 
since a better degradability and PEGylation efficiency were anticipated, as compared to higher 
crosslinked nanoparticles. Upon coupling of 17864-Lx, size, zeta potential and PDI of drug loaded 
nanoparticles were similar as those of unloaded nanoparticles (see Tables 1 and 2). 17864-loaded 
nanoparticles were surface modified with the bifunctional NHS-PEG3500-maleimide polymer and 
finally with SATA-EGa1 to yield NANAPs. PEGylation shielded the surface of the nanoparticles, 
as intended, since surface charge was slightly decreased from −26 to −21 mV after PEGylation 
(Table 2). Importantly, the coupling of EGa1 to NANAPs was confirmed by a nanobody dot-blot 
analysis (Fig. 2A). There was no free nanobody detectable 2 h after the coupling reaction with 
EGa1 observed by running an aliquot of the reaction mixture on a gel (results not shown). The 
final drug loaded NANAPs had a size of 138 nm, a narrow size distribution (PDI=0.13) and slightly 
negative zeta potential of −21 mV. The size and morphology of the NANAPs were visualized by 
TEM (Fig. 2B), confirming their spherical shape. The observed size of the NANAPs (~100 nm) 
was in agreement with the DLS measurements.
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Table 2: Properties of nanoparticles after drug loading and surface functionalization

Samples EE% LC% LR Size 
(nm)

PDI Zeta Pot. 
(mV)

D-NP (17864-Lx-NP)

72 ± 5 4.0 ± 0.3 7.2 ± 
0.5:1

100 ± 8 0.05 ± 0.02 -26 ± 2

PEG-D-NP 142 ± 5 0.17 ± 0.03 -21 ± 1
EGa1-PEG-D-NP 
(NANAPs)

138 ± 4 0.14 ± 0.04 -21 ± 2

PEG-NP - - - 140 ± 2 0.11 ± 0.02 -23 ± 3
EGa1-PEG-NP - - - 141 ± 3 0.13 ± 0.02 -23 ± 2

EE: encapsulation efficiency, LC: loading capacity, LR: loading ratio (drug: HSA, mol/mol), PDI: polydispersity index, Zeta 

Pot: zeta potential

Figure 2. (A) Dot blot analysis of free EGa1, nanoaprticles (NP), PEGylated nanoparticles (PEG-NP), EGa1 coupled 
PEGylated nanoparticles (EGa1-PEG-NP) and (B) Transmission electron microscopy image of 17864 loaded EGa1-PEG-
NP. 

3.3. 17864 release and degradation of NANAPs

The 17864-Lx kinase inhibitor was conjugated to the albumin nanoparticles via a Pt(II) coordinative 
bond at sulfur containing side chain residues as methionine or cysteine. Previous studies with a 
drug-Lx conjugate have shown that the Lx linker is stable in plasma or serum [41], but that drug 
can be released via competitive displacement with thiol containing molecules [35]. As shown in 
Fig. 3, less than 10% of the bound 17864 was released within 48 h in PBS or serum supplemented 
PBS. In the presence of DTT, however, the release of 17864 increased to 55% in 48 h. Of note, 
only the free 17864 was detected and not the 17864-Lx drug-platinum adduct. These results are 
in agreement with previous data obtained from Lx release [35]. Total release of the drug was 
obtained by competitive displacement with an excess of a platinum ligand at higher temperatures 
(see Section 2.3). One of the advantages of albumin nanoparticles over polymeric particles is 
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their susceptibility of the core material to enzymatic digestion. Modification of the albumin by 
cross-linking and attachment of drug and PEG may however hamper its biodegradability. The 
influence of extent of crosslinking on degradability was studied by using trypsin as a model 
enzyme. As expected and also observed by Langer et al. [42] an increased crosslink density caused 
a decrease in degradation rate (supplemental Fig. S1). In addition, PEGylation and drug coupling 
both reduced the degradation rate of NPs (see supplemental Fig. S2A). However, degradation 
was still observed for the three types of nanoparticles of different crosslink density as was also 
confirmed by SDS-PAGE analysis (supplemental Fig. S2B) of the tryptic digests obtained after 
6 h. Intact nanoparticles (lanes 1, 3, 5) were not able to enter the polyacrylamide gel and were 
retained in the slots at the top part of the gel. All digested samples (lanes 2, 4, 6) showed small 
peptidic fragments, indicating that nanoparticles had been degraded to fragments smaller than 10 
kDa.

Figure 3. The release of 17864 from NANAPs in PBS, PBS with 10% serum and 5 mM DTT at pH 7.4, 37 °C.

3.4. Binding and intracellular routing of NANAPs

The binding of NANAPs by EGFR expressing 14C tumor cells was investigated using Rho-Lx 
labeled nanoparticles. Fig. 4A shows that after incubation for 1 h at 4 °C, NPs bound non-
specifically to 14C cells, however after PEGylation this non-specific binding was completely 
prevented. Importantly, when the PEG-NPs were functionalized with the targeting ligand EGa1, 
the binding increased 5-fold in comparison to bare NPs. Moreover, at the highest dose EGa1 
PEG-NPs bound over 40-fold more efficiently than PEGylated NPs without EGa1, clearly showing 
the potential of EGFR directed targeting for this type of head-and-neck carcinoma. To further 
demonstrate the interaction of EGa1-decorated nanoparticles with the target EGFR receptor, the 
binding of these nanoparticles was studied after preincubation of the cells with an excess of free 
EGa1. Fig. 4B shows that binding of the EGa1 nanoparticles was indeed strongly inhibited by free 
nanobody, demonstrating the specificity of the interaction. 
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Figure 4. Fluorescence activated cell sorting analysis of binding of Rho-Lx labeled (A) EGa1-PEG-NP, NP, PEG NP and 
(B) EGa1-PEG-NP with and without free EGa1 (100 µg) at 4 °C for 1h on 14C cells. MFI (mean fluorescence intensity).

To study the uptake as well as the pathway of endocytosis and lysosomal colocalizations of 
the nanoparticles, 14C cells were incubated with Alexa-488 labeled nanoparticles at 37 °C. To 
allow visualization of internalized nanoparticles only, i.e. without interference of surface located 
nanoparticles, the cells were stripped by a mild acid-wash procedure after the incubations. Activated 
EGF receptors are internalized into cells by both clathrin-mediated (CME) (at physiological plasma 
concentration of EGF; 1 ng/ml) and non-clathrin-mediated endocytosis (high EGF concentration) 
[43]. We investigated which of these trafficking routes is involved in the uptake of the EGFR 
targeted nanoparticles by studying their uptake in the presence of 1-butanol. Phospholipids play 
an important role in CME, especially during the formation of the clathrin coated vesicles that bud 
off from the cell membrane. While the vesicles are forming, adaptor proteins involved in clathrin-
mediated endocytosis interact with the phospholipid, phosphoinositide-4,5-biphosphate (PIP2) 
in the membrane [44]. 1-Butanol, inhibits the formation of PIP2, resulting in the removal of PIP2 
from the membrane, consequently blocking CME [45]. EGa1-PEG-NPs were internalized in the 
presence of 2-propanol (which does not interfere with CME) as shown in Fig. 5A. In contrast, 
EGa1-PEG-NPs were not internalized in the presence of 1-butanol (Fig. 5B). From this result, it is 
concluded that EGa1-PEG-NPs are taken up specifically via CME. In contrast, non-PEGylated NPs 
without EGa1 were internalized via clathrin-independent mechanisms, as addition of 1-butanol 
did not affect their uptake (Fig. 5A–B, arrows 2a and 2b). To investigate whether the internalized 
NPs were transported to

lysosomes, co-localization of Alexa-488 nanoparticles was studied with lysotracker-red. EGF was 
used as a positive control for lysosomal targeting. Both EGF and EGa1-PEG-NPs accumulated in 
the lysosomal compartment, as demonstrated by co-localization of the green labeled nanoparticle 
with the red lysotracker, resulting in yellow perinuclear staining (Fig. 6). In contrast, NPs were 
internalized via a different type of endocytic vesicles and did not co-localize with lysotracker.
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Figure 5. A) Internalization of nanoparticle formulations by 14C cells pre-incubated with either 2-propanol or B) 
1-butanol for 30 min at 37 °C. Nanoparticles were labeled with Alexa-488 (green) and the nucleus was stained with DAPI 
(blue). Arrow 1a: EGa1-PEG-NPs are taken up. Arrow 2a: NPs are taken up. Arrow 1b: EGa1-PEG-NP uptake is clathrin-
dependent. Arrow 2b: NP uptake is clathrin-independent.

Figure 6. Co-localization of EGF, NPs, PEG-NPs and EGa1-PEG-NPs (green) with Lysotracker Red (lysosome 
marker) on 14C cells after 24h. Nuclei were stained with DAPI (blue). Boxed areas were enlarged.
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3.5. Lysosomal uptake and degradation of NANAPs

Lysosomal degradation of the particles after their uptake by 14C cells was studied with  IRDye800 
labeled nanoparticles. IRDye800 remains entrapped inside the cells due to the hydrophilic and 
charged nature of this label [39]. 14C cells that were incubated with nanoparticles for 24 h were 
lysed and the cell lysates were loaded onto a gel. SDS-PAGE analysis showed the intracellular 
degradation of the internalized EGa1-PEG-NPs, PEG-NPs and NPs into small fragments (Fig. 7A). 
PEG-NPs showed a low extent of internalization resulting in only minor degradation products. 
The degradation of NPs was 5 times less than the EGa1-PEG-NPs (Fig. 7B). To demonstrate 
that this degradation occurs in lysosomes, chloroquine was added which impairs endocytosis, 
exocytosis and lysosomal degradation. As aweak base it can enter low pH endosomal and 
lysosomal compartments. Its accumulation results in an increase in pH and osmotic pressure 
thereby inhibiting the lysosomal degradation and endosomal trafficking inside the cells [46]. 
EGa1-PEG-NPs and NPs that were localized in lysosomes were affected from CQ treatment 
similarly. As such, the inhibition of lysosomal activity resulted in a 10-fold decrease in degradation 
in the presence of CQ (Fig. 7B).

Figure 7. Quantification of lysosomal degradation of NANAPS with and without chloroquine treatment. Cells were 
lysed and the lysates were loaded on an SDS-PAGE gel to visualize the IRdye800 after 24h incubation with 14C cells at 
37 °C. Band intensities of degraded nanoparticles were quantified (n=3).

3.6. Inhibition of tumor cell proliferation

17864 inhibits multiple tyrosine kinases involved in tumor cell proliferation. The anti-proliferation 
activity of 17864-loaded nanoparticles was studied using a BrdU proliferation assay, after 48h of 
incubation with 14C cells. NANAPs efficiently inhibited tumor cell proliferation, with an IC50 of 
40 µM (Fig. 8A), which is 2.8 times higher than the IC50 of free 17864 and 17864-Lx (Fig. 8B, 14 
µM for both compounds). As discussed in previous sections, EGa1-decorated nanoparticles enter 
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cells via CME and require lysosomal processing before 17864 can be released. In contrast, small 
molecule inhibitors diffuse across the cellular membranes without prior activation steps, which 
often render small molecules more effective than their nanomedicine counterpart in experiments 
with in vitro cultured cells [47]. The in vitro experiments in Fig. 8 demonstrate the importance 
of active targeting in the intracellular accumulation and activation of albumin nanoparticles. 
Non-targeted PEGylated nanoparticles with 17864 did not inhibit proliferation of 14C tumor 
cells, which can be ascribed to the very low cellular uptake of these particles. But even bare 
nanoparticles loaded with 17864, which are internalized and degraded to some extent, were not 
capable of reaching the IC50 at the tested concentration range (Fig. 8C). EGa1 nanobody in itself 
is a blocker of EGFR-1 phosphorylation and may therefore inhibit proliferation of EGFR-positive 
14C cells. Previous studies with EGa1 decorated liposomes have shown that such nanoparticles, 
due to multimerization of the nanobody, are even stronger inhibitors of EGFR phosphorylation 
than free nanobody [38]. However, the inhibitory effect of multivalent EGa1-liposomes is not 
sufficient to completely prevent tumor cell proliferation and only resulted in significant growth 
inhibition of 14C cells when the liposomes were loaded with an antiproliferative drug [48]. Our 
results are in line with such observations, as we only see profound inhibitory effects of the 
combined coupling of EGa1 and 17864 to albumin nanoparticles (Fig. 8D).

Figure 8. Inhibition of 14C cell proliferation with different types of NPs and drug treatments after 48h incubation 
at 37°C. A) Incubation with 17864-Lx loaded EGa1-PEG-NPs (0.025– 0.8 mg/ml NP; equivalent to 3–100 µM 17864); B) 
ncubation with free 17864 and 17864-Lx; (equivalent to 1–40 µM 17864); C) Incubation with 17864-Lx loaded PEG-NP 
and NPs (0.025–0.8 mg/ml NP; equivalent to 3–100 µM 17864); and D) Incubation with EGa1-PEG-NPs not loaded with 
17864-Lx (0.025–0.8 mg/ml NP).
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4. Conclusion

In conclusion, we have developed a novel drug carrier system loaded with the multikinase 
inhibitor 17864 conjugated to the albumin backbone via a platinum based linker (Lx). PEGylation 
of nanoparticles successfully inhibited the aspecific binding of the nanoparticles to cells. Further 
functionalization with EGa1 resulted in nanoparticles that were internalized in an EGFR-dependent 
manner. The pathway of uptake and compartmentalization in the lysosomes was crucial for the 
intracellular release of 17864 from Lx. The tunable characteristics of the NANAPs make them 
promising new materials favorable for in vivo use as targeted nanomedicines in the treatment 
EGFR positive cancers. 
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Supplementary Information

S1. Methods

1.1. Loading of albumin nanoparticles with sunitinib

Two approaches were followed to load the multikinase inhibitor sunitinib in albumin nanoparticles: 
a pre-loading method in which sunitinib was added to the albumin solution before formation of 
nanoparticles and post-loading, by loading already formed nanoparticles with sunitinib.

1.1.1. Pre-loading method 

50 mg of human serum albumin (50 mg/ml in deionized water, pH adjusted to 8.3) was mixed 
with 1.3 mg of sunitinib malate (3.2: 1, mol:mol, sunitinib: albumin). 2.8 ml of 92% ethanol was 
added drop wise and albumin was crosslinked with 18, 29, 59 µl of 8% glutaraldehyde to obtain 
low, medium and high crosslinked nanoparticles. Nanoparticles were purified by two-step 
centrifugation, once at 1000 g for 5 min and later at 35000 g three times for 1h at 4 ºC in deionized 
water. After centrifugation, nanoparticles were sonicated for 4 min and stored in deionized water 
at 4 ºC . The yield was determined by thermographic analysis by measuring the dry weight of a 
100 µl nanoparticle suspension. To determine sunitinib loading, nanoparticles were treated with 
acetonitrile (2:1 (v/v); ACN: nanoparticle suspension) at room temperature overnight to extract 
sunitinib from the nanoparticles. After centrifugation and two additional extractions with ACN, 
the combined supernatants were analyzed by ultra performance liquid chromatography (Acquity 
UPLC®) on an Acquity UPLC® BEH C18 1.7 µm, 2.1 x 50 mm column (Waters, Ireland). Sunitinib 
was eluted with a water/ACN/TFA gradient starting from 100% eluent A (95% H2O, 5% ACN, 
0.1% TFA) and going up to 100% eluent B (5% H2O, 95% ACN, 0.1% TFA) in 3.5 min at a flow rate 
of 1 ml/min. Sunitinib was detected at 425 nm and eluted at 1.2 min. 

1.1.2. Post-loading method 

12 mg of low crosslinked nanoparticles (2 mg/ml in deionized water) was incubated with 0.72 mg 
of sunitinib (10:1, mol/mol, sunitinib: albumin) in deionized water overnight at room temperature. 
0.008 % (v/v) SDS was added to the reaction mixture to prevent flocculation. After 16h, particles 
were purified and stored as mentioned above. Sunitinib loading was determined by UPLC as 
mentioned above.

1.2.Trypsin digestion of albumin nanoparticles

Nanoparticles (3 mg/ml in PBS) were incubated with trypsin (85 µg/ml in PBS) at 37 ºC under 
constant shaking. At different time intervals, the turbidity was measured at 550 nm with a UV 
spectrophotometer (UVmini 1240 CE, UV-VIS spectrophotometer, Shimadzu) and correlated to 
a calibration curve made with 0.6-2.2 mg/ml drug-free nanoparticles in PBS (r2 = 0.9955). Trypsin 
digested samples were analyzed by SDS-PAGE electrophoresis (NuPAGE Novex Bis-Tris mini 
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gel, 4-12% gradient, 1 mm, Invitrogen, Breda, The Netherlands) and stained with Coomassie blue.

S2.Results and Discussion

2.1.Loading of albumin nanoparticles with sunitinib

Supplementary Table 1. Properties of sunitinib loaded albumin nanoparticles 

Drug
Loading

method

NP Crosslink 
(CL) density EE% LR (drug: HSA) Size 

(nm) PDI Zeta Pot. 
(mV)

Sunitinib
Pre

Low 29 ± 2 2.6 ± 0.2:1 130 ± 4 0.12± 0.02 -24 ± 1

Medium 26 ± 1 2.7 ± 0.1:1 133 ± 7 0.06± 0.01 -22 ± 2

High 23 ± 2 2.8 ± 0.1:1 132 ± 4 0.07± 0.03 -23 ± 3

Post Low 80 ± 6 8.0 ± 0.6:1 131 ± 3 0.09± 0.03 -22 ± 1

EE: encapsulation efficiency, LR: loading ratio (mol:mol), PDI: polydispersity index, Zeta Pot: zeta potential

The clear difference in encapsulation efficiencies of post and pre-loaded nanoparticles can be 
attributed to the difference of the reaction buffers. The pre-loading was performed in 75% ethanol 
whereas the post-loading was performed in fully aqueous conditions. Therefore, the partitioning 
of sunitinib to albumin nanoparticles is higher in post-loading in comparison to pre-loading. 

2.2.Trypsin digestion of albumin nanoparticles

2.2.1.Trypsin digestion of low, medium and high crosslinked albumin nanoparticles

Supplementary Figure 1. Percentage of residual turbidity of Low, Medium and High crosslinked (CL) 
nanoparticles after treatment with trypsin in PBS, pH 7.4, 37 ºC measured at 550 nm (n=3).
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2.2.2.Trypsin digestion of 17864 loaded albumin nanoparticles

Supplementary Figure 2. A) Percentage of residual turbidity of NP, PEG-NP and 17864-Lx (D) PEG-NP after 
incubation with (+T) and without (-T) trypsin in PBS, pH 7.4, 37 ºC measured at 550 nm (n=3). B) Gel image of trypsin 
digested fragments. Lane L: protein ladder, 1: intact NP (-T), 2: digested NP, 3: intact PEG-NP (-T), 4: digested PEG-NP, 5: 
intact D-PEG-NP (-T), 6: digested D-PEG-NP. 
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Abstract

The hepatocyte growth factor receptor (HGFR or Met), is a receptor tyrosine kinase involved in 
embryogenesis, tissue regeneration and wound healing but is also implicated in the development, 
progression and metastasis of many cancers. Current therapies, such as ligand-or, dimerization-
blocking antibodies or kinase inhibitors, reduce tumor growth but hardly eradicate the tumor. 
In order to improve anti-Met therapy, we have designed a novel drug delivery system consisting 
of cross linked albumin nanoparticles decorated with newly selected anti-Met nanobodies (anti-
Met-NANAP). The anti-Met NANAPs bound specifically to and were specifically taken up by Met-
expressing cells and transported to the lysosomes for degradation. Treatment of tumor cells with 
anti-Met NANAPs also resulted in down regulation of the total Met protein. This study shows 
that anti-Met NANAPs offer a potential system for lysosomal delivery of drugs into Met-positive 
tumor cells.
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1. Introduction

The hepatocyte growth factor (HGF) receptor (HGFR, c-Met or Met), is a receptor tyrosine 
kinase (RTK) that is primarily expressed on epithelial cells. HGF is the only known, high affinity 
ligand for this receptor (1). Binding of HGF to Met activates the receptor, resulting in tyrosine 
phosphorylation of the receptor and the activation of several downstream signal transduction 
pathways such as MAPK, STAT and PI3kinase/Akt (1-4). Met/HGF signaling is important 
for embryogenesis and also for tissue regeneration and wound healing in the adult life (5-7). 
Deregulated Met signaling is implicated in the development, progression and metastasis of a wide 
variety of human cancers (8,9). This can be due to either mutational activation, receptor/ligand 
overexpression, autocrine activation or ligand-independent activation of Met. Met is therefore an 
attractive target for anticancer therapy and several agents interfering with the Met/HGF pathway 
are under development such as, Met/HGF signaling small molecule inhibitors, antibodies and 
decoy receptors (10,11). However, to improve on these existing therapies, it can be expected 
that the efficacy of anti-Met therapies can be further augmented by combining them with 
chemotherapeutic drugs, especially when these are combined in a targeted drug delivery system 
(12). 

Like most RTKs, ligand binding and activation of the Met tyrosine kinase initiates internalization 
of the receptor-ligand complexes, which is followed by intracellular trafficking and degradation 
of both receptor and ligand in lysosomes (11-15). This internalization and lysosomal trafficking 
can be used for targeted delivery and release of drugs inside tumor cells. Previously, we designed 
anti-EGFR Nanobody-Albumin Nanoparticles (NANAPs) which are albumin-based nanoparticles 
decorated with nanobodies that target the epidermal growth factor receptor (EGFR). NANAPs 
were shown to bind to and internalize into EGFR-expressing cells and were found to be suitable 
for targeted delivery of anti-cancer drugs into cells (16). A nanobody (or VHH) is the antigen-
binding domain of heavy-chain-only antibodies found in members of the cameilidae family. Despite 
their small (~15 kDa) size, their binding affinity is similar to that of monoclonal antibodies 
(17). Due to their small size and less complex structure nanobodies can be easily produced in 
prokaryotic systems giving them advantage over monoclonal antibodies or antibody fragments 
(18). Nanobody-coupled liposomal and polymeric nanoparticles have already been shown to 
induce tumor regression in mice bearing head and neck squamous carcinoma tumors (19,20). 

In this study we have developed a NANAP system that specifically targets the Met receptor. 
Novel Met binding nanobodies were selected by phage display technology and their binding 
capacity and agonistic/antagonistic properties were characterized. We then designed anti-Met 
NANAPs by using the nanobody with the highest binding affinity to Met to decorate the albumin-
based nanoparticles. We showed that the anti-Met NANAPs stimulate the down regulation of 
Met in human, Met-expressing gastric cancer (MKN45) and lung carcinoma (A549) cell lines. Our 
data demonstrate that anti-Met NANAPs constitute a novel nanocarrier for the treatment of Met 
expressing cancer cells. 
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2. Materials and Methods

2.1. Cell culture and cell lines

The human ovarian carcinoma cell line TOV-112D (cat nr. CRL-11731), human lung carcinoma 
cell line A549 (cat.nr. CCL-185) and the human epidermoid squamous carcinoma cell line A431 
(cat. nr. CRL-1555) were all obtained from American Tissue Culture Collection (ATCC, LGC 
Standards GmbH, Wesel, Germany) and the human gastric cancer cell line MKN45 (cat. nr. ACC-
409) was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, 
Braunschweig, Germany). TOV-112D and A431 cells were cultured in Dulbecco’s Modification 
of Eagle Medium (DMEM: Gibco, Invitrogen, Breda, The Netherlands) supplemented with 100 
units/ml streptomycin, 0.1 mg/ml penicillin, 2 mM L-glutamine and 10% fetal calf serum (FCS) at 
37°C and 5% CO2. MKN45 cells were cultured in RPMI 1640 (Life Technologies Inc., Invitrogen) 
supplemented with 100 units/ml streptomycin, 0.1 mg/ml penicillin, 2 mM L-glutamine and 20% 
FCS. A549 cells were cultured in Ham’s F12 (Life Technologies, Inc., Invitrogen) supplemented with 
streptomycin, penicillin, L-glutamine and 10% FCS under the previously mentioned conditions. 
Met expression of cells seeded for one or two days was determined by western blotting using 
mouse-anti-HGFR (MAB3581, R&D Systems Europe Ltd, Abingdon, UK) followed by goat-anti-
mouseAlexa488 (Invitrogen) incubation. For the generation of the stable TOV+Met cell line, 
human Met-encoding cDNA (kindly provided by Dr. Morag Park, McGill University, Montreal, 
Canada) was first transferred from the pXM vector into a pMX-IRES-Zeo vector (generated 
from the pMX-SupF vector kindly provided by prof. Garry P. Nolan, Stanford University School 
of Medicine, Stanford, California, USA) via XhoI-XhoI digestion (Thermo Scientific, Breda, The 
Netherlands) and ligation (T4 ligase, Promega, Madison, USA). TOV-112D cells were transfected 
with this pMX-Met-IRES-Zeo using Fugene HD (Roche, Mannheim, Germany) and grown under 
selection pressure using 200 µg/ml of Zeocin (Invitrogen) for 8 weeks. Single clones were tested 
for Met-expression by western blotting.

2.2. Nanobody selection

Nanobodies directed against Met were selected using phage display technology from an‘immune’ 
phage antibody library that was made from Llama Glama immunized with A431 membrane vesicles, 
as previously described (21). For selections, Maxisorp 96-wells plates (Nunc, Roskilde, Denmark) 
were coated overnight with rabbit-anti-hIgG in PBS (1:2000, Dako, Glostrup, Denmark) at 4°C. 
Next day, non-specific binding was blocked with 2% skimmed milk (Marvel) in PBS (MPBS) for an 
hour at RT. Subsequently, 1 µg of Met-Fc fusion protein diluted in MPBS (R&D systems) per well 
was captured for 1h at room temperature (RT). After three washes with PBS, captured antigen 
was incubated with phages (blocked in 2% MPBS) for 2h at RT. After washing, bound phages were 
detached by 100 mM triethylamine (TEA) elution. For phage ELISA, Maxisorp plates were coated 
with rabbit-anti-hIgG as described above and 50 ng/well of Met ectodomain-Fc fusion protein 
(R&D Systems) was captured for 1h at RT in 2% MPBS. Single clone phages were incubated for 2h 
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at RT, washed extensively and bound phage was detected with mouse-anti-M13HRP (1:10,000), 
followed by o-phenylenediamine (OPD) development. The reaction was stopped by the addition 
of 3M H2SO4 and OD was read at 450nm. The cDNAs of the selected clones were sequenced 
and then re-cloned into a pET28a vector containing C-terminal Myc-6-His tags and which allows 
the purification of nanobodies from the periplasmic space of E.coli. 

2.3. Production and purification of Nanobodies

Nanobodies were produced as described before (16), but with minor modifications. Briefly,  E. 
coli BL-21 Codon Plus (DE3)-RIL (Agilent Technologies Inc., Santa Clara, CA, USA) cells were 
transformed with pET28-derived nanobody-encoding plasmid and a single antibiotic-resistant 
colony was picked. Production was performed by growing these bacteria in 2xTY medium 
containing 2% (w/v) glucose and 100 µg/ml ampicilin at 37°C overnight. Four hundred milliliters 
of 2xTY medium (supplemented with 100 µg/ml ampicillin and 0.2% (w/v) glucose) was inoculated 
with the bacteria from the overnight culture with an OD600 of 0.1. This bacterial culture was 
subsequently incubated at 37 °C at 250 rpm until it reached an OD600 of 0.6. Subsequently, 0.5 
mM IPTG was added to the bacterial culture to induce nanobody expression and the culture was 
further incubated at 37°C for 3.5 h. After 3.5 h, cells were spun down (5000 rpm, 15 min, 4°C) and 
the obtained pellet was stored over night at -20°C. The following day, periplasmic fractions were 
made by incubating the pellet in 6.4 ml ice cold TES (200 mM Tris-HCl, 0.5 mM EDTA, 500 mM 
sucrose, pH 8.0). To this suspension, 10 ml of diluted ice cold TES (1:3 in water) was added and 
incubated on ice for 30 min. The bacteria were spun down at 4 °C for 15 min at 5000 rpm and the 
supernatant was collected. The pellet was resuspended in 10 ml ice cold TES, 120 µl 1 M MgSO4 
was added and the mixture was incubated on ice for 30 min. The suspension was spun down at 4 °C 
for 15 min at 5000 rpm and the supernatant containing the nanobody was added to the previously 
collected supernatant. The his-tagged nanobodies were purified by means of immobilized metal 
ion affinity chromatography (IMAC) on TALON resin (Clontech, Palo Alto, CA, USA) according to 
the manufacturer’s protocol (Batch/Gravity-Flow), except 50 mM NaH2PO4, 300 mM NaCl, 20 
mM imidazole, pH 8.0 was used for all washing steps and elution was performed with the same 
wash buffer but containing 300 mM imidazole, pH 8.0 buffer. Imidazole was removed by means of 
dialysis against PBS overnight at 4°C. Finally, protein fractions and purity were analyzed by SDS 
polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentrations were determined using a 
Micro BCA assay (ThermoScientific).

2.4. FACS analysis

For FACS analysis of binding of the anti-Met nanobodies, Met-expressing A431 cells were 
trypsinized, blocked and incubated with anti-Met VHHs (developed in house) or EGFAlexa488 
(Invitrogen) on ice for 2 h. The cells were washed three times with PBS and fixed in 4% 
paraformaldehyde (PFA). Auto-fluorescence was quenched with 100 mM glycine in PBS for 15 min 
and VHHs were detected with Prot-G purified rabbit-anti-VHH (developed in house), followed by 
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goat-anti-rabbitAlexa488 (Invitrogen) incubation. FACS analysis was performed on a BD analyzer 
(BD Biosciences, Breda, The Netherlands). 

2.5. Binding and affinity determination of nanobodies

TOV-112D, TOV+Met (1.5 x 104 per well) or MKN45 cells (6 x 104 per well) were seeded in 
a 96-wells plates (Nunc) one day before the assay. The cells were pre-incubated with binding 
medium (2% BSA in CO2-independent medium (Gibco) for 10 min on ice after which the cells 
were incubated in binding medium supplemented with or without nanobodies (0.005-1000 nM) 
for 2h on ice. After three washes with ice cold PBS, cells were fixed in 4% PFA and fixative was 
subsequently quenched with 100 mM glycine in PBS for 15 min. Bound nanobody was detected 
with rabbit-anti-VHH (1:1000) in PBS containing 2% BSA (PBA) followed by goat-anti-rabbit 
IRDye800CW (Li-COR Biosciences, UK, 1:500 in PBA) incubation for 1h at RT each. Finally, cells 
were washed twice with PBA and fluorescence was measured using the Odyssey Infrared Imager. 
Apparent binding affinity (Kd) for one site specific binding was determined by curve fitting using 
GraphPad Prism 5.02 for Windows (GraphPad Software, San Diego, CA).

2.6. HGF competition 

HGF was labeled with 125I (Perkin Elmer, USA) according to the IODO-GEN (Sigma-Aldrich) 
method as described previously (22). The specific activity of I125-HGF was measured at ~30,000 
CPM/µg. Maxisorp 96-well ELISA plates (Nunc) were coated with rabbit anti-human IgG (Dako, 
Glostrup, Denmark; 4 µg/mL in PBS). The next day, wells were washed with PBS, blocked with 
1% MPBS and subsequently incubated with 0.1 µg/mL of Met-ECD-Fc. After washing with PBS, 
the wells were incubated with 1 nM of 125I-HGF in the presence or absence of 1000 nM of 
nanobodies for 1h. Wells were washed four times with PBS and bound I125-HGF was collected 
after 5 min incubation with 1 M NaOH; radioactivity was measured using a gamma counter 
(Wallac Wizard, Perkin Elmer). Results were analyzed using GraphPad Prism version 5.02 for 
Windows, GraphPad Software (San Diego, CA).   

2.7. Preparation of albumin nanoparticles

Nanoparticles were prepared by the ethanolic desolvation technique as described previously 
(16,23) with minor modifications. Briefly, human serum albumin (HSA, 50 mg/ml) was dissolved 
in deionized water after which the pH was adjusted to 8.3 by addition of 0.1 M NaOH and the 
solution was filtered through a 0.2 µm filter (Minisart® syringe filters, Sartorius-stedim, Germany). 
Nanoparticles were formed by adding 92% ethanol drop wise under constant stirring. The formed 
particles were crosslinked with 8% glutaraldehyde (GA) overnight at RT. The nanoparticles were 
purified by centrifugation first at 1,000 g for 5 min (pellet discarded, supernatant collected) 
and three times at 45,000 g for 1 h at 4ºC in deionized water. Nanoparticles were stored in 
deionized water at 4ºC. Nanoparticle yield was determined by measuring the dry weight by 
thermogravimetric analysis. The absence of soluble albumin and multimers was checked by SDS-
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PAGE (4-12% crosslinked, Invitrogen) under reducing conditions followed by Coomassie blue 
staining. For enabling detection of nanoparticles in fluorescence microscopy or quantification on 
the Odyssey Infrared Imager, nanoparticles were labeled with either Alexa488-NHS (Invitrogen) 
or IRDye800CW-NHS (Li-COR) as described before (16).

2.8. PEGylation and G2 coupling to albumin nanoparticles

The anti-Met nanobody G2 was modified with either a 2, 4 or 8-fold molar excess of 
N-succinimidyl-S-acetylthioacetate (SATA) (Pierce Biotechnology, Rockford, IL, USA) as described 
in (19). Briefly, the introduced sulfhydryl groups were deacetylated for 30 min at RT prior to 
addition of SATA-G2 to freshly prepared maleimidiyl-PEG nanoparticles. 18 mg of nanoparticles 
(4 mg/ml) were reacted with 14 mg of NHS-PEG3500-maleimide (15:1, mol/mol, PEG:HSA) in 
0.1 M phosphate buffer (PB), pH 8 for 1 h at RT on a roller bench. PEGylated nanoparticles were 
collected by centrifugation and resuspended in 0.1 M PB, pH 7 and immediately reacted with 
SATA-modified G2 (0.1 mg G2 / mg nanoparticle, 0.4 nmol G2 / nmol albumin) for 2 h at RT. G2-
PEG-NP were characterized for G2 coupling with dot-blot immunodetection of G2 (16). 

2.9. Characterization of nanoparticles

Size distribution and polydispersity of the nanoparticles were determined by dynamic light 
scattering (DLS) on a Malvern ALV CGS-3 (Malvern Instruments, Malvern, UK) containing a He\
Ne laser source (λ=632.8 nm, 22 mW output power) under an angle of 90°. The zeta potential 
of the nanoparticles was determined using a Malvern zetasizer Nano-Z (Malvern Instruments, 
Malvern, UK). The measurements were performed in 5 mMPB, pH 7.4 at 25 °C.

2.10. G2-SATA characterization by capillary electrophoresis

The degree of SATA labeling on G2 was measured by means of capillary electrophoresis (CE) 
experiments which were carried out on a P/ACE MDQ™ CE instrument (Beckman Coulter, 
Brea, CA, USA). The separation voltage was − 30 kV and the capillary temperature was 20 °C. 
Fused-silica capillaries (total length, 85 cm; inner diameter, 50 µm, outer diameter, 360 µm) were 
obtained from Polymicro (Phoenix, AZ, USA). The capillaries were coated with a triple layer 
Polybrene-dextran sulfate-Polybrene (PB-DS-PB) coating as described previously (24-26). The 
background electrolyte (BGE) was 100 mM acetic acid (pH 2.8). Nanobody was hydrodynamically 
injected for 14 s at 1 psi (equal to 1% of the capillary volume). MS detection was performed 
using a micrOTOFQ orthogonal-accelerated time-of-flight (TOF) mass spectrometer (Bruker 
Daltonics, Bremen, Germany). Transfer parameters were optimized by direct infusion of an 
electrospray ionization (ESI) tuning mix (Agilent Technologies, Waldbronn, Germany). CE-MS 
coupling was realized by a co-axial sheath liquid interface (Agilent Technologies, Waldbronn, 
Germany). A sheath liquid of isopropanol-BGE (75/25, v/v) at a flow rate of 3 µL/min was used. 
The following optimized spray conditions were used: dry gas temperature, 180°C; nitrogen flow, 
4 L/min; and nebulizer pressure, 0.4 bar. Electrospray in positive ionization mode was achieved 
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using an ESI voltage of −4.5 kV. CE-MS data were analyzed using Bruker Daltonics DataAnalysis 
software. For the determination of peak areas, extracted-ion electropherograms (EIEs) were 
constructed for the respective protein species from their most abundant m/z signals ([M + nH]
n+; n=12-15). Protein charge assignment and molecular weight determinations were performed 
using the ‘charge deconvolution’ utility of the DataAnalysis software.

2.11. Cellular binding and internalization of nanoparticles

To test the binding of the NANAP’s to Met-expressing cells, TOV-112D, TOV+Met, A549 (20.000 
cells/ well) and MKN45 (60.000 cells/ well) were seed into 96-wells plates (Nunc), one day before 
the assay. Cells were pre-incubated with binding medium for 10 min on ice and subsequently 
incubated with IRDye800-labeled nanoparticles (0.06-0.5 mg/ml) for 2h on ice. Cells were 
washed for 10 min with 2% Marvel in binding medium, followed by PBS, after which binding of 
nanoparticles was quantified with the Odyssey Infrared Imager. 

For fluorescence microscopy imaging, the cells were seeded in chamber slide (Lab-Tek, Nunc) 
one day before the experiment. Cells were incubated with 0.25 mg/ml of Alexa488-conjugated 
nanoparticles in binding medium for 2h on ice. For internalization, the nanoparticles were allowed 
to internalize for 2h at 37°C. Cells were washed with binding medium and PBS extensively 
and fixed in 4% PFA. PFA-induced autofluorescence was quenched by incubation with 100 mM 
glycine in PBS for 15 min at RT and slides were mounted using SlowFade (Invitrogen). Fluorescent 
pictures were taken using a Zeiss LSM700 confocal microscope (Carl Zeiss Microscopy GmbH, 
Germany) equipped with and 63x oil immersion objective (NA 1.4). 

2.12. Nanoparticle lysosomal degradation assay

Lysosomal processing of nanoparticles was studied with IRdye800-labeled nanoparticles as 
described previously (16). Cells were seeded (200.000 cells/well for A549 and 600.000 cells/well 
for MKN45) in 12-well plates (Becton & Dickinson, Mountain View, CA, USA) one day before the 
experiment. Cells were pulsed with 0.25 mg/ml IRDye800-labeled nanoparticles for 2 h at 37ºC. 
The medium was replaced by fresh medium supplemented with or without 10 µM of chloroquine 
(CQ, an inhibitor of lysosomal degradation, Sigma Aldrich) or lactacystin (LC, an inhibitor of 
proteasomal degradation, kindly provided by Dr. Marcel A.G. van der Heijden, Division of Heart 
and Lungs, UMC Utrecht, The Netherlands) and cells were incubated for an additional 16 h at 37 
ºC. Cells were washed with PBS and lysed in 30 µl of reducing sample buffer (50 mM Tris-HCl, 
pH 6.8, 10% glycerol, 100 mM DTT, 2% SDS and 0.01% bromophenol blue). IRDye800 peptide 
fragments were separated by SDS-PAGE and quantified using the Odyssey Infrared Imager. Mean 
and SEM of the intensity of the peptide bands obtained from three independent experiments 
were calculated.
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2.13. Phosphorylation and downregulation of Met

Agonistic or antagonistic properties of G2 (1nM, 1 µM), PEG-NP (0.5 mg/ml) and G2-PEG-NP (0.5 
mg/ml) were studied using A549 and MKN45 cells that were seeded in 12 well plates (240.000 
cells/well) and incubated overnight in 0.1% FBS. Formulations were diluted in 0.1% FBS medium 
and incubated with the cells for 30 min at 4°C. Subsequently, 50 ng/ml HGF (R&D system) was 
added and the cells were incubated for 10 min at 37°C. Cells were washed with PBS two times, 
lysed with RIPA buffer (Teknova) supplemented with HaltTM Protease & Phosphatase Inhibitor 
Cocktail (Thermo Scientific) and lysates were collected. For Met down-regulation experiments, 
A549 and MKN45 cells (200.000 and 400.000 cells/well) were seeded in 24 well plates and 
adhered overnight, followed by incubation with 100 nM G2, 0.5 mg/ml PEG-NP or G2-PEG-NP 
in (serum-containing) medium for 48h at 37°C. Next, cells were washed with PBS two times and 
lysed. The collected fractions were centrifuged at 15.000 g for 15 min at 4°C and the supernatant 
was collected and stored at 4°C. Quantification of total protein content was performed using a 
Micro BCA Kit (Thermo Scientific) and a fraction corresponding to 5 µg protein was loaded on 
a reducing SDS-PAGE gel (4-12% crosslinked, Invitrogen). Western Blot analysis was performed 
as previously described (16). Total and phosphorylated Met were detected by immunoblotting 
with rabbit anti-phospho-Met (pY1234/pY1235) and anti-Met antibody (Cell Signaling, 1:1000 
diluted) in 5% BSA-TBS-T for 2h on the roller bench at RT. Beta-actin rabbit antibody (Cell 
Signaling, 1:1000 diluted) was used as a loading control. Anti-rabbit IgG HRP-linked (Cell Signalling, 
1:3000 diluted) secondary antibody was added to the membrane and proteins were visualized by 
chemoluminescence.  

2.14. Scratch wound assay

The effect of G2 and G2-PEG-NP on cell migration was assessed by a scratch wound assay 
as described by Liang et al. with minor modifications (27). Briefly, cells were seeded in a 48 
wells-plates and allowed to adhere overnight (120.000 cells/well for MKN45 and 45.000 cells/
well for A549). The following day, cells were starved in 0.1% FBS medium for 2h and a vertical, 
uninterrupted wound was created in the cell monolayer using a sterile 200 µl pipette tip. 
Formulations were diluted in 0.1% FBS medium and incubated for 24h. Images of the wounded 
cell monolayer were taken using a Nikon Eclipse Te-2000-U microscope (40X magnification) at 
the start of the incubations and again after 24h. The surface of the scratch area (A) was measured 
using ImageJ software. Results are expressed as percentages of wound closure for each well using 
the formula: 100 x [1 - (At24 / At0)]. Statistical analysis was performed with GraphPad Prism 
software using a one-way analysis of variance (ANOVA) followed by Student’s t-test.

3. Results and discussion

3.1. Selection and characterization of anti-Met nanobodies

To obtain nanobodies against the extracellular domain of Met, selections were performed from 
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an in-house prepared phage nanobody library that was constructed using the immunoglobulin 
repertoire of peripheral blood lymphocytes of Llama immunized with vesicles from Met-
expressing A431 cells (21). After a single round of selection on the Met ectodomain, followed 
by a non-specific elution, binding of Met-specific clones to the Met ectodomain was tested by 
phage-ELISA. Of all phages that bound Met, three clones were selected (C3, F5 and G2) based 
on their binding and DNA sequences and these were re-cloned into a bacterial production 
vector. Binding of these anti-Met nanobodies to Met-expressing cells was first tested on A431 
cells by fluorescence activated cell sorting (FACS) analysis (Fig. 1A). As compared to the 
untreated cells (indicated in red), all three nanobodies showed significant binding to A431 cells. 
Because A431 cells also express high numbers of EGFR, EGF-Alexa488 was taken as a control 
for binding. HGF was not a proper control for specific receptor binding, since this growth 
factor also interacts with heparin sulfates, which are present in the plasma membrane (28). 

To test the specificity of the nanobodies towards Met, we used Met-positive and Met-negative 
cell lines. The expression of Met on TOV-112D cells was first tested and these cells were 
confirmed to be Met-negative (Fig. S1A). Subsequently, a clone stably expressing Met was 
obtained by transient transfection and selection for antibiotic resistance. Stable Met-expression 
of different clones was determined by immunofluorescence and the cell line showing highest 
Met expression was selected as the Met-positive cell line, indicated as TOV+Met (Fig. S1B). 
All three anti-Met nanobodies showed significant binding to only the TOV+Met cells, but not 
to TOV-112D cells, indicating specificity towards the human Met receptor (Figure 1B). The 
control nanobody R2 (directed at the Azo Dye RR6 (29)) did not significantly bind to either cell 
line. Subsequently, binding of the nanobodies to Met was further characterized by determining 
their affinity (KD) on MKN45 cells, which over-express Met on their cell surface (Fig. 1C). 
All three nanobodies bound to MKN45 cells with low nanomolar affinities (2.6 ± 0.7 nM for 
C3, 4.2 ± 0.9 nM for F5 and 1.1 ± 0.2 nM for G2). To test whether the obtained nanobodies 
competed for ligand binding, a HGF competition assay was performed. As a control, an excess 
of unlabeled HGF was able to almost completely compete off the binding of 125I-labeled HGF 
from coated Met ectodomain (Fig. 1D). Similarly, all three anti-Met nanobodies clearly showed 
competition with the labeled HGF, while the non-relevant nanobody R2 did not show any effect.
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Figure 1. The three selected anti-Met nanobodies bind Met with low nM affinities on cells. A) Binding of anti-Met 
nanobody C3, F5 and G2 to A431 cells measured by FACS and compared to untreated cells (red). EGF-Alexa488 was used 
as a positive control for binding. B) Specific binding of C3, F5 and G2 to TOV+MET cells. R2 (non-relevant nanobody) was 
used as a negative control. C) Binding curves and affinities (kD) of C3, F5 and G2 on high Met expressing cell line MKN45. 
D) Binding competition of 125I-labeled HGF by anti-Met nanobodies. Maxisorp plates were coated with Met ectodomain 
and binding of 1 nM of 125I-labeled HGF in the presence or absence of 1000 nM of nanobodies. Error bars represent SEM, 
where n>4. * indicates p<0.001 as determined by t-test.

3.2. Modification of anti-Met nanobodies 

In order to obtain nanoparticles targeting Met expressing tumors, the nanoparticles should 
be coupled to nanobodies. This coupling can be achieved by addition of SATA groups to the 
lysine residues of the nanobodies and later reacting them with the maleimide-PEG linker on 
the nanoparticles. To test whether random SATA modifications would affect the integrity of 
the selected nanobodies, different amounts of SATA were reacted with C3, F5 and G2 and the 
effect of these modifications on binding affinity was studied on MKN45 cells (Fig. S2A-C). The 
introduction of SATA moieties to C3 and F5 did decrease their binding affinity to MKN45 cells 
by two fold, whereas G2, even with high modification ratios, was not affected (kD of ~1 nM for 
all degrees of modification). The degree of SATA modification on G2 and the average amount of 
SATA modifications per molecule was quantified by capillary electrophoresis followed by time-
of-flight mass spectrometry (CE-TOF-MS) (Fig. 2A). The molecular weight found for peak 1 (17.6
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kDa) corresponded to the unconjugated G2 nanobody. The subsequent increases in molecular 
weight (peak 2-6) corresponded well with the calculated mass of the introduced SATA groups 
(116 Da). G2 carrying 1 to 4 SATA modifications accounted for more than 90% of the relative 
peak area and on average, a conjugation of approximately 2.4 SATA molecules per G2 nanobody 
was achieved. 

3.3. Preparation and characterization of G2-coupled albumin nanoparticles

The SATA-modified G2 nanobody was coupled to the PEGylated nanoparticles (NP) to generate 
G2 decorated nanoparticles (G2-PEG-NP). The coupling efficiency of SATA-modified G2 to 
albumin nanoparticles was investigated by reacting increasing amounts of G2 with the PEGylated 
nanoparticles, followed by dot-blot analysis of the nanoparticles with anti-VHH antiserum. 
Nanobody coupling was found to be saturated at G2:NP ratios of 6 nmol/mg NP and higher (Fig. 
2B). The covalent attachment of G2 to the PEG anchor was confirmed by SDS-PAGE analysis 
of G2-PEG-NP, which showed the absence of unbound G2, indicating complete binding of G2 
nanobodies to the nanoparticles (data not shown). Size determination of the nanoparticles 
showed that the G2-decorated nanoparticles were approximately 100 nm in size after PEGylation 
(polydispersity <0.1) and had a slightly negative zeta potential of -19 mV (Table 1). 

Figure 2. A) G2-SATA (1:8 ratio) characterization by CE-TOF-MS. B) Dot-blot analysis of G2 coupled to PEGylated 
nanoparticles. Error bars represent SEM, where n=3. 
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Table 1. Characteristics of albumin nanoparticles

Nanoparticles Size (nm) Zeta potential (mV) PDI*
NP 87 ± 9 -30 ± 3 0.06 ± 0.02

PEG-NP 106 ± 5 -18 ± 2 0.10 ± 0.03
G2-PEG-NP** 102 ± 3 -19 ± 4 0.10 ± 0.02

*: Polydispersity index, **: 6 nmol G2/mg NP

3.4. The anti-Met NANAPs bind specifically to Met-expressing cells

The specificity of the G2-coupled nanoparticles was determined by studying the binding of 
IRDye800-conjugated PEG-NP and G2-PEG-NP to either Met negative TOV-112D cells or the 
TOV+Met variant (Fig. 3A-B, left). Both non-targeted PEG-NP and targeted G2-PEG-NP showed 
some binding to the Met-negative cells. The linear trend of this binding was considered to be 
due to non-specific, low-affinity interactions. Importantly, G2-PEG-NP showed specific binding 
to TOV+Met cells with a half-maximal binding of approximately 0.15 mg/ml. Fluorescence 
microscopy imaging with Alexa488-labeled nanoparticles confirmed specific binding of G2-PEG-
NP to TOV+Met cells and low background binding to Met-negative cells (Fig. 3A-B, right). Similar 
results with respect to binding specificity were obtained with the Met-expressing tumor cell lines, 
A549 and MKN45. Only G2-PEG-NP showed membrane binding to the Met-expressing tumor 
cell lines while PEG-NP showed only low (background) binding (Fig. 3C-D).

3.5. NANAPs induce Met phosphorylation but no cell scattering

In order to study whether the observed nanoparticle uptake is accompanied by receptor 
activation, the agonistic/antagonistic properties of the nanoparticles were determined on A549 
cells by western blotting (Fig. 4A). The G2 nanobody alone did not stimulate Met activity at a 
low concentration (1 nM), but at higher concentration (1 µM) the Met receptor was clearly 
phosphorylated. As expected, PEG-NP did not result in Met activation, but the G2-PEG-NP 
stimulated Met activity at all concentrations tested (Fig. 4A, left). To test whether the nanobodies 
or nanoparticles would have an intrinsic therapeutic activity by blocking ligand binding, A549 
cells were incubated with G2 or nanoparticles, in the presence and absence of HGF. None of the 
formulations blocked HGF-induced phosphorylation of Met (Fig. 4A, right). Also in the MKN45 
cells, none of the formulations were able to reduce receptor activation of Met (Fig. S3). To 
investigate whether the agonistic property of G2-PEG-NP as observed by Met activation would 
have an actual downstream effect, we performed a scratch wound assay (Fig. 4B, left). For this 
experiment, A549 cells were used, since the constitutive activation of Met in MKN45 cells make 
them non-responsive to the ligand for Met. G2, PEG-NP or G2-PEG-NP did not induce wound 
closure; a complete closure of the scratch wound was only observed upon treatment with HGF. This 
means that, even though the G2-PEG-NP or G2 (only at 1 µM) are able to cause phosphorylation 
of Met, this is insufficient to induce cell scattering of A549 cells.  A similar approach was chosen to 
investigate the downstream antagonistic effect of the anti-Met nanobodies or nanoparticles (Fig. 
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4B, right). Here, the wound closing effect of HGF was partially blocked by a high concentration 
of G2 and by the G2-PEG-NPs. Despite inducing Met phosphorylation, the anti-Met NANAPs do 
inhibit cell scattering and thereby wound healing in A549 cells. 

Figure 3. G2-PEG-NPs bind specifically to Met expressing cells. A) TOV-112D, B) TOV+Met, C) A549 or D) MKN45 
cells were incubated with PEG-NP or G2-PEG-NP. IRDye800-conjugated NANAPs were used for determining level of 
binding by the Odyssey Infrared Scanner (left) and Alexa488-conjugated NANAPs were used for detection by confocal 
fluorescence microscopy (right, indicated in green). Nuclei were stained with DAPI (blue). Error bars represent SEM, 
where n=3. binding by the Odyssey Infrared Scanner (left) and Alexa488-conjugated NANAPs were used for detection by 
confocal fluorescence microscopy (right). Bar represents 10 µm. 
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Figure 4. Agonistic and/or antagonistic activities of nanoparticles. A) Activation of Met expressed in A549 cells is 
assessed by western blotting using anti-phospho-Met. Actin is used as a loading control. Both G2 (only at 1000nM) and the 
G2-PEG-NP activate Met . B) Both G2 and G2-PEG-NP do not block HGF-induced Met phosphorylation. C-D) Scratch-
wound assay in the absence (C) and presence (D) of HGF on A549 cells. None of the formulations tested induced a 
closure of the wound. Only G2-PEG-NP slightly reduced wound closure.

3.6. Internalization, lysosomal sorting and degradation of Met and G2-PEG-NP

Anti-Met NANAPs are designed as a nanocarrier for the intracellular delivery of therapeutic 
agents, therefore they were assessed whether they were internalized by Met expressing cells 
using confocal fluorescence microscopy. After 2h of incubation, specific uptake of only the G2-
PEG-NP could be observed in both A549 and MKN45 cells, as indicated by an intracellular 
endosomal staining pattern (Fig. 5A). Co-staining of the cells with early endosomal marker EEA-1 
showed that the internalized nanoparticles were localized in early endosomes, which is apparent 
from the yellow color in the merged image with green-labeled nanoparticles and red-labeled-
EEA-1 (Fig. 5B). Nevertheless, not all G2-PEG-NP were located in early endosomes at this time 
point, which could be due to the highly dynamic nature of endocytic vesicles, in which cargo is 
rapidly transported to further downstream compartments like sorting and late endosomes and 
eventually lysosomes (30). 
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Figure 5. G2-PEG-NP internalize specifically into Met-expressing cells A) A549 (left) and MKN45 (right) cells 
were incubated with Alexa488-conugated G2-PEG-NP or PEG-NP for 2h at 37˚C. B) Cells were incubated as in A and 
subsequently fixated and permeabilized. Early endosomes were stained with anti-EEA1 antibodies and nuclei were stained 

with DAPI (blue).

To investigate whether the nanoparticles were routed towards late endosomes or lysosomes, 
co-localization of Alexa488-labeled G2-PEG-NP with Lysotracker Red was studied in A549 and 
MKN45 cells by confocal fluorescence microscopy (Fig. 6A). After 16h of incubation, the G2-
PEG-NP co-localized almost completely with lysotracker Red, indicating that these NANAPs 
indeed end up in late-endosomal/lysosomal compartments. To check whether the nanoparticles 
were also degraded, a pulse-chase experiment was performed with IRDye800-labeled G2-PEG-
NP or PEG-NP. After 16h, degradation of the nanoparticles was observed by SDS-PAGE, which 
is apparent by the appearance of free IRDye800 at the bottom of the gel (Fig. 6B). Only Met 
targeted nanoparticles showed signs of degradation, which is in good correlation with the specific 
binding and internalization of the G2-PEG-NP mentioned above (Fig. 6A). 

In general, protein degradation in cells is mediated by the proteasome complex and/or by the 
proteases in the endosomal/lysosomal system. Lysosomal degradation of Met plays an important 
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role in the ligand-induced negative feedback mechanism of Met (15). In addition, it has been 
reported that ligand-induced degradation of Met is also regulated by proteasomal degradation 
(31). To study the nature of the observed degradation of the nanoparticles in more detail, we 
inhibited both lysosomal and proteasomal degradation with either the lysosome inhibitor 
chloroquine (CQ), and the proteasome inhibitor lactacystin (LC). In both A549 and MKN45 cells, 
co-incubation with 10 µM of CQ for 16h blocked the degradation of the G2-PEG-NP almost 
completely (Fig. 6C-D). In contrast, LC had no effect on nanoparticle degradation in A549 cells 
and a minor effect in MKN45 cells. 

This lysosomal targeting makes the anti-Met NANAPs suitable for the intracellular delivery 
and release of therapeutic compounds. In addition, lysosomal trafficking of Met induced by the 
NANAPs could potentially lead to receptor downregulation in Met-overexpressing tumors. This 
is particularly interesting for tumors that highly overexpress Met and thereby induce constitutive 
activation of the receptor, as is the case with the MKN45 cell line (Fig. S3B). To investigate 
whether lysosomal degradation of G2-PEG-NP is accompanied by receptor degradation, cells 
were incubated with G2, PEG-NP, G2-PEG-NP and HGF for 48h after which total Met protein 
levels were determined by western blotting (Figure 6E-F). While HGF most prominently induced 
Met downregulation in A549 cells, treatment with G2-PEG-NP downregulated total Met protein 
in both A549 and MKN45 cells. All together, these data indicate that anti-Met NANAPs are 
primarily translocated to late endosomes and lysosomes, which eventually results in lysosomal 
degradation of both the nanoparticles and Met receptors. 

4. Discussion

Met overexpression is correlated with poor prognosis in most of the aggressive cancers, such 
as brain, liver, pancreatic cancers and gastric carcinoma (8). In this study, we performed phage 
display selections for novel nanobodies specifically binding to human Met and evaluated the 
applicability of an anti-Met nanobody for targeting albumin nanoparticles to Met expressing 
tumor cells. Recently, Lu et al. reported the selection of anti-Met single chain antibodies (scFv) 
that were used for targeting of quantum dots or doxorubicin loaded liposomes (32). The affinity 
of the reported scFv’s was studied on isolated Met and was about 10-fold less than our anti-Met 
nanobodies, which were tested on Met-positive cells. Besides binding Met with high affinity, the 
selected nanobodies could compete for HGF binding to recombinant Met ectodomain. However, 
this competition was not observed on cells. Although the contrast between these observations 
is quite evident, it might be explained by a mechanistic difference between binding of HGF to 
isolated and cellular Met. HGF binding to Met occurs via two interaction sites, the SEMA domain 
and the immunoglobulin-like region of Met (33,34). Binding of HGF to the SEMA domain is 
considered to induce a conformational change of the ectodomain, revealing the second binding 
position on the Ig-like regions. Possibly, he interaction of the radiolabeled HGF and the coated 
recombinant ectodomain only involved one of these binding domains and could therefore be 
disrupted easily via the selected nanobodies. 
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Figure 6. Anti-Met NANAPs are degraded by lysosomes and induce receptor downregulation. A) A549 (top) and 
MKN45 (bottom) cells were incubated with Alexa488-conjugated G2-PEG-NP for 16h and fixed for confocal fluorescence 
imaging. Late endosomes and lysosomes were stained with Lysotracker-Red. B) MKN45 cells were pulsed for 2h with 
IRDye800-conjugated PEG-NP or G2-PEG-NP and chased for 16h. Cells were lysed and free dye was separated from 
intact nanoparticles by electrophoresis. Degradation of G2-PEG-NP is apparent as the appearance of free dye (green) at 
the bottom of the gel and was quantified using the Odyssey Infrared scanner (right panel). C) A549 cells or D) MKN45 
cells were incubated with IRDye800-conjugated G2-PEG-NP in the absence or presence of the inhibitors chloroquine 
(CQ) and Lactacystin (LC) after which the appearance of free dye was quantified as in B. E, F) Met downregulation 48h 
after treatment with HGF (50 ng/ml), G2 (100 nM), PEG-NP (0.5 mg/ml) and G2-PEG-NP (0.5 mg/ml) on E) A549 and F) 
MKN45 cells. Error bars represent SEM where n=3.
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On cells, the binding between HGF and Met is considered to be further stabilized by secondary 
interactions of HGF with heparin sulphate on the membranes (28). The fact that G2-PEG-NPs 
did not compete with HGF on cells also suggest that the potential therapeutic effects of the 
NANAP’s in vivo would be independent of HGF levels. The agonistic activity of G2-PEG-NP is 
possibly induced by receptor clustering, which might be a result of the multivalent nature of the 
nanoparticles. Activation of Met by different antibodies has previously already shown to exert 
differential effects on downstream signaling towards cell motility, invasion and proliferation (35).  
In our study, activation of Met by either G2 or G2-PEG-NP did not result in a cellular response 
like cell migration and is therefore considered to be of little consequence for future use of the 
nanoparticles. 

In general, the internalization of drug loaded and targeted nanocarriers greatly enhances the 
specific killing of the targeted cells. (12,36,37). The efficacy of antibodies or nanoparticles can be 
enhanced by employing receptor-mediated uptake which previously have shown that internalizing 
liposomes decorated with anti-EGFR nanobodies reduced total EGFR protein expression and 
inhibited cell growth more potently than a nanobody alone (19). The nanoparticles we have 
designed in this study also internalized and were subsequently targeted to lysosomes where they 
were degraded. Internalization of these complexes might be initiated by complex formation of 
Met as previously suggested by the induced internalization of EGFR using anti-EGFR nanobodies 
bound to liposomes (19). The anti EGFR liposomes did not stimulate tyrosine kinase activity 
of EGFR, which is in contrast to the G2-PEG-NPs. While this activation did not result in cell 
scattering, it resulted in Met receptor downregulation. This reduces the over-activation of this 
pathway, which could potentially contribute to the inhibition of tumor growth as we previously 
have shown for the EGFR (19). In a study by Petrelli et al., Met downregulation was shown to 
reduce tumor size regardless of receptor phosphorylation (38). As such, the G2-PEG-NP could 
therefore have an intrinsic anti-tumor activity, as observed in the scratch wound assay (Fig. S2), 
where G2-PEG-NPs inhibited wound healing in A549 cells.

5. Conclusion

We have generated nanobodies specifically binding to Met, which were used to target human 
albumin nanoparticles to Met expressing cells. Moreover, after binding, the NANAP-Met 
complexes were internalized and transported to lysosomes for degradation. We conclude that 
the nanoparticles designed and characterized in this paper are a good candidate for the selective 
delivery of chemotherapeutic drugs in the treatment of Met overexpressing tumors.
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Supplementary Information

Figure S1.Establishment of TOV-112D cells stably expressing human Met. TOV-112D cells were stably transfected 
with cDNA encoding human Met. Expression of Met on the plasma membrane (green) of A) Met negative (TOV-112D) 
and B) Met positive (TOV+Met) cells was detected by incubating PFA-fixed cells with mouse anti-HGFR (M-anti-HGFR) 
followed by anti-mouse IgG coupled to Alexa488. Nuclei were stained with DAPI (blue). Cells were imaged using 
confocal microscopy. 
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Figure S2. Binding studies of indicated SATA modified anti-Met VHHs using MKN45 cells and coupling to nanoparticles. 
A-C) Binding curves and affinities (KD) of the anti-Met VHH C3 (A), F5 (B) and G2 (C), all modified with the indicated 
ratio’s of 1:2, 1:4 and 1:8 VHH:SATA (mol/mol). 

Figure S3.MKN45 cells are constitutively active. Both G2 and G2-PEG-NP do not affect the phosphorylation status 
of Met. 
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Abstract

Platelets are important in determining the haemacompatibility of nanoparticles. The dense surface 
receptors on platelets can interact with ligands (i.e von Willebrand factor and fibrinogen) leading 
to their activation and adhesion as a response to vascular injury. Fibrinogen receptors (αIIbβ3) 
already present on the platelet surface become activated upon binding of fibrinogen and result 
in secretion of other receptors from the cytosol to the plasma membrane, such as P-selectin 
(CD62P). Foreign surfaces such as nanoparticles, upon contact with blood can also trigger the 
activation of platelets. This paper describes the platelet interaction of albumin nanoparticles, 
liposomes, Abraxane® and Taxol® to assess their safety in blood. Fibrinogen binding and P-selectin 
expression of platelets were investigated with two types of assays, either platelets in whole blood 
or isolated platelets via FACS analysis.  
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1. Introduction

One of the biggest goals of nanomedicine in cancer treatment is to increase the tumor 
accumulation of highly toxic drugs and thereby reduce their systemic toxicity [1-4]. Importantly, 
nanocarrier systems can be surface functionalized to alter their physicochemical properties 
such as size, zeta potential and hydrophilicity. A typical example of this is the surface coating of 
nanoparticles with polyethylene glycol (PEG), a hydrophilic polymer that improves the colloidal 
stability of nanoparticles and shields the surface of nanoparticulate systems, thereby rendering 
them less accessible to immune cells or blood components [5,6]. Besides, the surface properties 
of nanomedicines govern their interaction with biological matrices and cells, and also contributes 
to the safety of nanomedicines upon injection into the body. [7,8]. Intravenous injection is the 
most applied method for administering nanomedicines, making blood the first tissue of contact 
within the body [9]. Consequently, blood cells and blood components will experience high 
concentrations of injected nanomedicine directly after start of the infusion period.

In blood, platelets play a crucial role in maintaining haemostasis. The function of platelets is essential 
in case of vascular injury; the exposure of collagen from the subendothelial matrix to blood results 
in binding of the circulating von Willebrand factor (vWF) to collagen. This binding results in a 
change in the conformation of vWF which then can be recognized by platelets leading to platelet 
adhesion and activation ultimately resulting in isolation of the injury [10]. The initial binding of 
platelets to adhesive ligands such as vWF and fibrinogen is mediated by platelet surface receptors, 
the majority of them being integrins [11]. Integrin αIIbβ3 (fibrinogen binding receptor) has the 
highest density on the  platelet surface (60.000-80.000 in non-activated platelets). Activation 
of platelets leads to the translocation of P-selectin (CD62P) and other surface receptors from 
cytosolic α-granules to the cell surface, allowing further binding to fibrinogen and other adhesive 
ligands [11,12]. In addition to haemostasis, platelets are also involved in adaptive immunity by 
means of P-selectin signaling. Upon activation of platelets, CD62P, located in α-granules,  is 
translocated to the platelet surface allowing the recruitment of lymphocytes in blood to the site 
of injury [13]. There is also evidence that P-selectin is involved in complement activation which 
can also be triggered by contact with foreign surfaces such as nanomedicine [14-16]. 

Overall, the interactions of platelets with their environment are tightly regulated by charge-
charge interactions [17], shear forces [18] and conformational changes [19] of the adhesive ligands 
and receptors. As nanomedicines often are charged they may induce conformational changes of 
interacting proteins and modulate platelet behavior and this, in turn, may potentially interfere with 
the normal physiological functioning of platelets in the blood stream. It is even conceivable that 
platelets become activated in the absence of vascular injury. 

In this study, different types of nanocarriers were investigated for interactions with platelets by 
studying fibrinogen binding to and P-selectin expression on platelets’ surface. Comparisons were 
made between albumin and lipid-based carriers. Empty lipid-based formulations were compared 
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in terms of surface charge and lipid composition. Albumin based formulations were compared 
in terms of surface functionalization with polyethylene glycol (PEG). Abraxane® and Taxol® were 
used as two representative -clinically approved- formulations. Both formulations contain paclitaxel 
as the active compund and were designed to increase the solubility of paclitaxel, by encapsulation 
of paclitaxel into albumin nanoparticles or mixing them with Cremophor EL, respectively. The 
platelet activation/aggregation by nanoparticles in literature [20-25] has been studied mostly 
with isolated platelets also stated in the guidelines for nanomaterial characterization of the 
nanotechnology characterization laboratory (NCL) of the National Cancer Institute [26]. 
However, platelet activation can be caused by various interactions of nanomaterials with blood 
components or even masked by plasma proteins such as albumin [27,28]. In the present study, 
platelet activation by nanocarrier systems in both whole blood and isolated platelets is investigated 
by fluorescence activated cell sorting (FACS). We propose the platelet activation assay in whole 
blood as a preferred assay for the prediction of the hemocompatibility of nanomedicines before 
their systemic administration to animals or -in a later stage of nanomedicine development to 
human subjects. 

2. Materials 

Fibrinogen/FITC (polyclonal rabbit anti-human) was purchased from DAKO (Glusdorp, Denmark). 
PE mouse/anti-human CD62P was purchased from BD Biosciences (Franklin Lakes, NJ, USA). 
PAR-1 agonist TRAP-6 amide trifluoroacetate was obtained from Bachem (California, USA). 
Abraxane® (a freeze dried formulation composed of 100 mg paclitaxel per 900 mg albumin; 
Abraxis Bioscience, Hertfordshire, UK) and Taxol® (Actavis group PTC ehf., Hafnarfjordur, Iceland) 
were obtained from the hospital pharmacy of the University Medical Centre Utrecht. Albumin, 
human fraction V powder and glutaraldehyde, 8% aqueous solution, grade I was obtained from 
Sigma-Aldrich. NHS-PEG3500-maleimide was obtained from Jenkem Technology (Beijing, China). 
Dioleoyltrimethylammonium propane (DOTAP), methoxy-polyethyleneglycol 2000 distearoylpho
sphatidylethanolamine (mPEG2000-DSPE), dipalmitoylphosphatidylcholine (DPPC) and HSPC-27 
hydrogenated soy phosphatidylcholine were purchased from Avanti Polar Lipids (Birmingham, 
AL, USA). Dioleoylphosphatidylethanolamine (DOPE) was obtained from Lipoid (Ludwigshafen, 
Germany).

3. Methods

3.1. Preparation of nanocarrier formulations 

3.1.1. Albumin nanoparticles

Albumin nanoparticles were prepared as described in Altintas et al. [29]. Briefly, HSA (50 mg/
ml) was dissolved in deionized water and pH was adjusted to 8.3 by addition of 0.1 M NaOH 
and this solution was filtered through a 0.2 µm filter. Nanoparticles were formed by adding 92% 
ethanol drop wise under constant stirring. The formed nanoparticles were crosslinked with 8% 
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glutaraldehyde (GA) overnight at room temperature (RT). Large aggregates were removed by 
centrifugation at 1,000 g for 5 min and the collected supernatant was centrifuged at 45,000 
g for 1h at 4 °C and resuspended in deionized water. This was repeated 3 times and the last 
resuspension was done in 0.1 M phosphate buffer, pH 7.4 and stored at 4 °C. Nanoparticle yield 
was determined by measuring the dry weight of an aliquot of the nanoparticle suspension by 
thermogravimetric analysis (TGA, Q50TM instrument, USA).

PEGylated albumin nanoparticles were prepared by reacting albumin nanoparticles (5 mg/ml) 
with NHS-PEG3500-maleimide (15:1 mol/mol PEG:albumin) in 0.1 M phosphate buffer, pH 
8.0 for 1h at RT. Nanoparticles were isolated by centrifugation at 45,000 g at 4ºC for 1h and 
resuspended in 0.1 M sodium carbonate, pH 9.0 to quench the maleimidyl groups at RT for 4h as 
described in Altintas et al. [29]. PEGylated albumin nanoparticles were purified by centrifugation 
and resuspensed as described above and stored. 

3.1.2. Liposomal nanocarriers

Unilamellar liposomes with different zeta potentials were prepared by lipid-film hydration 
and extrusion methods. Cationic liposomes composed of DOTAP, DOPE and mPEG-(2000)-
DSPE, (1.62:1.08:0.3, mol/mol) were prepared according to van der Meel et al. [30]. Two types 
of anionic liposomes were prepared. Anionic formulation I consisted of DPPC, cholesterol and 
mPEG-(2000)-DSPE in 1.62:1.08:0.3 molar ratio; anionic formulation II consisted of HSPC-27 
hydrogeneted soy, cholesterol and mPEG-(2000)-DSPE in 1.62:1.08:0.3 molar ratio, which is 
similar to the composition of Caelyx® liposomes (www.avantilipids.com). Lipids were dissolved in 
chloroform: methanol (1:1, v/v) and the solvents were evaporated under rotary movement and 
reduced pressure to form a lipid film. Liposomes were formed by rehydration of the lipid film 
with PBS, to a final concentration of 50 mM total lipid. Liposome size was reduced by multiple 
extrusion steps through polycarbonate membranes with a final pore size of 100 nm. 

3.2. Characterization of nanoparticles

Size distribution and polydispersity of the nanoparticles were determined by dynamic light 
scattering (DLS) on a Malvern ALV CGS-3 (Malvern Instruments, Malvern, UK) containing a He\
Ne laser source (λ=632.8 nm, 22 mW output power) under an angle of 90°. The zeta potential 
of the nanoparticles was determined using a Malvern zetasizer Nano-Z (Malvern Instruments, 
Malvern, UK). The measurements were performed in 10 mM HEPES, pH 7.4 at 25 °C. 

3.3. Platelet activation with isolated platelets

Blood was collected from healthy donors after approval of the local ethics committee and 
informed consents from donors were obtained. Platelets were isolated according to Korporaal 
et al, [31]. Briefly, a total of 100 ml whole blood was drawn into citrate anticoagulation tubes 
and centrifuged at 156 g for 15 min without brake, in order to spin down the erythrocytes and 
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leukocytes, resulting in platelet enriched plasma as supernatant. To this, acid citrate dextrose (8.5 
mM tri-sodium citrate, 7.1 mM citric acid, 5.5 mM D-glucose) was added. Platelets were separated 
from plasma by another centrifugation step at 330 g for 15 min, without brake. The platelets were 
resuspended in HEPES-Tyrode buffer pH 6.5 supplemented with 10 ng/mL prostacyclin (PGI2) 
and subsequently centrifuged at 330 g for 15 min without brake. The platelets were resuspended 
in HEPES-Tyrode buffer, pH 7.4 in a final concentration of 200.000 per µl and left to rest for 30 
minutes at RT. 

Clinically approved formulations and in house made nanoparticle dispersions were prepared by 
diluting them to concentrations corresponding to 1x and 10x. Abraxane® and Taxol® were diluted 
in Hepes buffered saline (HBS) (10 mM HEPES, 150 mM NaCl, 1 mM MgSO4, 5 mM KCl) at a final 
paclitaxel concentration of 0.2 and 2 mg/ml. The concentrations were adjusted according to the 
guidelines of NCL, which states that the nanoparticle concentrations tested should be 100x more 
than the intended therapeutic dose (if possible) [26]. PEGylated and non-PEGylated albumin 
nanoparticles were resuspended in HBS to obtain 0.2 and 2 mg/ml nanoparticle suspensions, 
which approximately corresponds to the albumin nanoparticle concentrations in Abraxane®. 
Liposomal formulations were diluted in HBS to obtain 0.4 and 4 mM total lipid solutions, based 
on the total lipid concentration of Doxil® (www.avantilipids.com).

Platelet activation assays were performed by gently mixing 5 µl of isolated platelets with 90 µl 
of nanoparticle dispersion in HBS containing PE-anti-CD62P and FITC-fibrinogen (0.02 mg/ml). 
Nanoparticle/platelet mixtures (corresponding to 1x and 10x concentrations mentioned above) 
were incubated for 1, 2, 4, 8 and 20 min at room temperature. TRAP-6 (60 µM) was used as a 
strong platelet activator. Incubations were stopped at different time points by taking 10 µl from 
each sample and fixing it in 190 µl of fixative solution (0.2% formaldehyde, 154 mM NaCl) in 
MaxiSorp® flat-bottom 96 well-plates (eBioscience). The fluorescence intensity of P-selectin (PE) 
and fibrinogen (FITC) on platelet surface was measured by flow-cytometry on a FACSCalibur 
(BD Biosciences, Franklin Lakes, NJ, USA) within 24 h. Platelets were gated based on forward 
and side scatter properties. The mean fluorescence intensity (MFI) was analyzed with FACS 
CellQuest Pro software, version 6.0 (BD Biosciences, Franklin Lakes, NJ, USA). 10.000 events 
were recorded. Platelets were isolated from blood of 3 different donors. The negative control 
(buffer) was subtracted from test samples and area under the curve (AUC) was calculated with 
GraphPad Prism, version 4. Occasional slight negative AUC values were taken as zero.

3.4. Platelet activation with whole blood

Freshly drawn blood (9 ml) was collected into (1 ml) 3.8 % sodium citrate containing vials. 5 µl 
of whole blood was gently mixed with 90 µl of nanoparticle dispersion in HBS with the same 
protocol as mentioned in section 3.3. 
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4. Results and Discussion

4.1. Characterization of nanoparticles 

The size and surface zeta potential of the different nanocarriers used in this study were 
determinedThe three types of albumin nanoparticles had sizes around 100 nm and a slight negative 
zeta potential (Table 1). Of note, Abraxane® consists of non-crosslinked albumin nanoparticles 
which dissociates to a large extent to soluble albumin complexes upon hydration [32]. As a 
consequence, a 10-fold higher concentration of Abraxane was needed to detect nanoparticles as 
compared to the in-house prepared albumin nanoparticles which consist of crosslinked albumin 
(supplementary figure 1). 

The liposomal nanoparticles were prepared using either positively or negatively charged lipids.  
DPPC and HSPC-27 hydrogenated soy are used commonly in anionic liposome formulations 
[33,34], while positively charged lipids like DOTAP are often used in lipidic nanocarriers for 
nucleic acid delivery [35]. It is noted that the displayed nanocarriers are PEGylated and that the 
surface charges are all modest, i.e. close to neutral, which is the net result of the lipid composition 
and the shielding of the surface charge by the PEG corona. 

Table 1. Size and zeta-potential of nanocarrier systems used in this stu

Samples Size (nm) Zeta Potential (mV) Polydispersity 
index

Albumin nanoparticles 86 -31 0.05
PEG-albumin nanoparticles 112 -23 0.07

Abraxane®* 147 -25 0.10
HSPC-27/Cholestrol/PEG Lip. 137 -14 0.03

DPPC/Cholestrol/PEG Lip. 138 -13 0.03
DOTAP/DOPE/PEG Lip. 130 +14 0.07

*: Measured at 10x higher concentration of albumin than other albumin nanoparticles

4.2. Fibrinogen binding to and P-selectin expression on platelets 

In this study we compared isolated platelets with non-isolated platelets in whole blood to study 
their activation by nanomedicines. Platelets are very sensitive to activation. Multiple steps of 
centrifugation and resuspension during isolation can activate them [36] and although one can 
resettle them to the resting state, it is not clear whether these processes have altered the 
platelets reactivity as compared to their original state, i.e before isolation. Moreover, the presence 
of other factors in blood may alter the interaction of nanoparticulate carriers with platelets, 
either by inhibiting or potentiating the thrombogenic events. Below, the left panels of the figures 
show isolated platelets and the right panels show platelets in whole blood, where two types of 
assays are compared with each other. 
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Platelet activation is the initial hallmark of thrombus formation which is initiated by the activation 
of integrin αIIbβ3 receptors on the platelet surface. Platelets need contact with agonists like 
thrombin, collagen type II and ADP which can bind to cognate receptors already present on 
platelet surface in order to be activated [37]. Therefore, as a positive control for platelet activation 
in both assay conditions, we used thrombin receptor activating peptide (TRAP-6), which also 
strongly activates αIIbβ3 receptors and causes P-selectin expression. As can be observed in Fig. 
1A-B, Abraxane® did not activate platelets whereas Taxol® strongly activated platelets resulting 
in high fibrinogen binding, which can be attributed fully to the effect of the Cremophor EL vehicle, 
since the activation by this vehicle was equal to that of the taxol formulation. 

As a second output parameter, the expression of P-selectin on the platelets’ surface was 
determined. As shown in Fig 1C-D, the expression of P-selectin by Taxol® was considerably less 
than its effect on fibrinogen binding and this trend was also observed for the Cremophor EL 
vehicle only. We investigated a potential pharmacological interaction of Taxol® with the assay by 
virtue of its tubulin-inhibiting activity, which might also affect the secretion of P-selectin containing 
α-granules. Fig 2 shows the effect of Taxol® on the TRAP-6-induced activation of platelets. Lower 
Taxol® concentration + TRAP-6 still induced P-selectin expression although less intensely 
compared to TRAP-6 only. Moreover, higher Taxol® concentration + TRAP-6 was no longer 
able to activate P-selectin and its expression was significantly inhibited. This result confirms the 
potential interaction of Taxol® (most likely due to the tubulin-interfering paclitaxel) with platelet 
assays, which may lead to false-negative responses. Nevertheless, the fibrinogen binding data are 
not affected by this interaction since this process is not dependent on tubulin activity. 

As shown below, fibrinogen binding and P-selectin expression with Abraxane® and Taxol®, did not 
show significant difference between the two assays, the platelet activation levels were below 5 
% in comparison to TRAP-6. As stated in the guidelines of NCL, one should consider a response 
level of 20 % of the positive control as the cut-off level for judging whether a nanomedicine 
induces platelet aggregation or not [26]. Although our assays are different than the one in the 
guidelines, for interpretation of results we can conclude that Abraxane® did not cause platelet 
activation, whereas Taxol® did and this can be attributed to the Cremophor EL component. 
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Figure 1. Fibrinogen binding to and P-selectin expression on platelets after incubation with  Abraxane®, Taxol® and 
Cremophor EL in (A-C) isolated platelets and in  (B-D) whole blood in comparison to TRAP-6. 

Figure 2. P-selectin expression on A) isolated platelets and in B) whole blood incubated with Taxol® and spiked with 
TRAP-6 (60 µM). 
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Next, a concise set of in-house prepared lipid-based and albumin-based nanoparticles were 
investigated in the platelet activation assays. We focused on two general features of nanoparticles 
that seem important for platelet activation. First, the effect of surface PEGylation on glutaraldehyde 
crosslinked albumin nanoparticles were tested and second, the effect of differently charged 
liposomes also with a PEG shield were evaluated.

Figure 3. Fibrinogen binding to and P-selectin expression on platelets after incubation with  non-loaded albumin based 
and liposomal formulations in (A-C) isolated platelets and (B-D) in whole blood. Anionic liposome I (DPPC/Cholestrol/

PEG), Anionic liposome II (HSPC-27/Cholestrol/PEG), Cationic liposome (DOTAP/DOPE/PEG).

Fig. 3A-B shows that albumin nanoparticles induced only low activation both in the fibrinogen 
assay and P-selectin assay. The method of albumin nanoparticle preparation involves crosslinking 
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of the lysine groups via glutaraldehyde [29]. During this procedure, the properties of albumin 
possibly change, which might induce platelet activation. There is a modest induction of fibrinogen 
binding by albumin nanoparticles, ~16 % and 3 % in isolated platelets and whole blood, respectively 
(percentage activation were based on 10X concentration of formulations).  After PEGylation of 
these nanoparticles, the fibrinogen binding decreased in isolated platelets (5 %) and did not 
change in whole blood (3 %). P-selectin expression was below 2 % for both nanoparticles in 
both assays (Fig. 3C-D). A plausible explanation is that both PEGylation and components of 
blood shielded the surface of albumin nanoparticles and prevented their further interaction with 
platelets. Overall, total activation of platelets in whole blood by albumin nanoparticles is marginal.  

Figure 3A-B shows that the cationic liposomes showed the strongest fibrinogen-binding in 
spite of the PEG-coating (~24 % versus TRAP-6 control in isolated platelets and ~20 % whole 
blood). The same was noted for induction of P-selectin, although the activation was below 3 % 
in both assays (Fig. 3C-D). For both types of anionic liposomes fibrinogen binding was equal in 
isolated platelets (7 %) and whole blood (<2 %) and P-selectin expression was below 1% for both 
liposomes in both assays. Similar to albumin nanoparticles the platelet activation of liposomes, 
particularly fibrinogen binding, was higher in isolated platelets in comparison to whole blood. In 
general, P-selectin expression was lower after exposure of empty nanoparticulate carriers to 
platelets in comparison to fibrinogen binding. A possible explanation for this could be the high 
density of fibrinogen binding receptors on platelets. In resting state P-selectin is not present 
on platelet surfaces’, however αIIbβ3 is present in an inactive form [37]. Therefore, in an in vitro 
setting fibrinogen binding could be a much faster response to activation relative to P-selectin 
secretion to the platelet surface. 

We have compared the platelet activation of two clinical formulations, Abraxane® and Taxol®. 
Both formulations are designed to solubilise the highly hydrophobic drug, paclitaxel. Abraxane® 
did not activate platelets whereas Taxol® led to high platelet activation via fibrinogen binding 
mostly due to the Cremophor EL component, which is known to cause hypersensitivity reactions 
instantly upon injection [38]. The platelet data are in well agreement with the clinical symptoms of 
Taxol® administration, however we do not know whether these symptoms are caused by platelet 
activation. There are few case studies relating thrombosis to paclitaxel use, [39] however Taxol®, 
specifically Cremophor EL, is known to cause complement activation [40] and complement 
activation is commonly reported in Taxol® treatment [41,42]. The platelet activation observed in 
our study could also be related to complement activation pathway, since P-selectin has a role in 
adaptive immunity [13].

In summary, our results showed that the platelet activation in whole blood was lower than the 
isolated platelet assay. Blood contains approximately 1000 plasma proteins that have different 
affinities to surfaces. The dynamic adsorption and desorption of plasma proteins to nanoparticulate 
surfaces is called the Vroman Effect. As a result of the Vroman Effect, nanoparticulate carriers that 
are hydrophobic or charged, tend to form stronger bonds with proteins in the plasma [43]. This 
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interaction can result in conformational changes that can lead to the exposure of platelet binding 
motifs of the adhered proteins. For instance, albumin has no platelet binding sequence, however 
more than 34% loss of α-helix structure can lead to the exposure of cryptic epitopes for platelet 
receptor recognition and thereby activating platelets [44]. The cationic liposomal formulation 
used in this study was the only non-hemocompatible formulation tested together with Taxol®. 
The effect of cationic charge on platelet activation is also mentioned in other studies with 
cationic PAMAM dendrimers [27,28]. As respect to the responses observed with Cremophor 
and Taxol®, we tested two concentrations and observed dose-related platelet activation which is 
in agreement with peak-concentration associated toxicity of Taxol®, necessitating longer infusion 
times for its  administration [45]. Likely, the adverse effects due to platelet activation of cationic 
liposomal formulations can also be reduced by choosing a longer infusion rate and therefore 
reduce the initial burst contact of the cationic liposomes with blood since the activation of 
platelets can propagate very fast. 

5. Conclusion

In this chapter we have shown the platelet activation by nanoparticles performed with isolated 
and non-isolated platelets. We propose the non-isolated platelet assay (whole blood assay) as 
a straightforward screening protocol for evaluating the hemocompatibility of nanoparticulate 
carriers as we anticipate that platelets in whole blood reflect the in vivo situation more than 
the isolated ones. Also the similar outcomes obtained with both assays, suggest that platelet 
activation can be performed by simply mixing nanoparticles with whole blood without the need 
of isolating the platelets. In addition, it is crucial to focus on multiple receptors on platelets as the 
tested components might interfere with the functioning of platelets as we have seen with Taxol®. 
The screening should be done at all stages of nanoparticle preparation to compare the safety of 
the individual components together with the whole nanoparticulate system, as the properties 
might change upon drug encapsulation, surface modification and coupling of targeting ligands. 
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Supplementary Information

Supplementary Figure 1. DLS measurement performed with A) 0.09 mg/ml glutaraldehyde crosslinked 

albumin nanoparticle, B) 0.09 mg/ml Abraxane® and C) 0.9 mg/ml Abraxane® measured in 10 mM HEPES pH 7.4, 25 °C.

SF.1A is a typical correlation function and input count rate obtained from monodisperse 
nanoparticles. The same amount of Abraxane® was not detectable (SF.1B). Similar correlation 
function and input count rate was obtained only after increasing the Abraxane® concentration 10 
times (SF. 1C).
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Abstract

Soluble human serum albumin (HSA), PEGylated and non-PEGylated human serum albumin 
nanoparticles (NP) were investigated for their biodistribution and tumor accumulation in 
A431 tumor bearing female nude mice. Fluorescence molecular tomography (FMT) and micro-
computed tomography (µCT) were used to detect the localization of the signal in the body non-
invasively up to 48h. Organs were collected at 48h and examined by fluorescence and 2-photon 
microscopy. HSA and both NP were dual labeled with Dye680/Dye405 and Dye750/Alexa488, 
respectively. HSA was co-injected with both NP formulations and the signal was detected by 
scanning mice at different near-infrared channels. The combined FMT and CT scans showed that 
both NP formulations rapidly accumulated in liver, whereas HSA accumulated in tumor. Only in 
microscopy images, both NP and HSA were visualized in the tumor as well as the liver. 
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1- Introduction

Nanomedicine products on the market, like Abraxane® and Doxil®, combine drug carrier systems 
(DDS) with existing chemotherapeutic drugs (paclitaxel and doxorubicin, respectively) [1-3]. 
Nanoparticulate DDS limit volume of distribution and clearance from the body by kidney or liver. 
Importantly, nanoparticulate DDS may increase tumor accumulation, by virtue of the enhanced 
permeation and retention effect (EPR) [4]. This effect, although heterogeneous in magnitude and 
dependent on the type of tumor and stage of disease ensures increased influx and reduced efflux 
of nanoparticles at the malignant site. The “enhanced permeation” is relying on the leakiness of 
the tumor vasculature due to aberrant formation of tumor blood vessels as compared to normal 
blood vessels and ensures the accumulation of the intravenously injected DDS at the tumor site. 
Moreover, the “retention” of DDS that has accumulated at the tumor site is maintained due to 
distorted lymphatic clearance from tumor stroma [5]. 

The success of Doxil® largely depends on the enhanced tumor accumulation, in combination 
with low distribution to organs like the heart that are normally prone to toxicity of doxorubicin 
[2]. With respect to Abraxane®, the biodistribution pattern underlying its improved therapeutic 
availability is less well defined. Abraxane® is marketed as an albumin-bound paclitaxel nanoparticle, 
however there is evidence that, upon injection, the nanoparticles dissociate into smaller albumin 
complexes or soluble albumin [6]. Hence, Abraxane® can be classified as a paclitaxel solubilizer 
upon administration and a nanoparticulate carrier prior to administration, in which case the 
albumin formulation also serves as a non-toxic vehicle that is devoid of the allergic side effects 
of the conventional vehicle Cremophor EL®. In addition to EPR mediated tumor accumulation, 
several studies have reported the involvement of albumin receptor albondin (gp60) in endothelial 
transcytosis of Abraxane®, as well as the interaction of albumin-bound paclitaxel with SPARC 
(secreted protein acid and rich in cysteine), a matrix protein overexpressed in cancer, for tumor 
uptake of Abraxane®, suggesting an active uptake mechanism [7,8]

The success of Abraxane® has fueled renewed interest in albumin as a drug carrier. Albumin 
nanoparticles have gained considerable attention in recent years and have been further decorated 
with polyethylene glycol (PEG) as a stealth coating and with targeting ligands such as tumor cell 
directed antibodies and folate [9-23]. One important difference between this type of albumin 
carriers and Abraxane® is that the albumin core is crosslinked with glutaraldehyde, to prevent its 
dissociation into soluble albumin subunits. Although beneficial properties of this class of albumin 
nanoparticles loaded with doxorubicin in mouse tumor models have been reported [24], data on 
in vivo distribution and tumor accumulation are scarce [25,26].

In the present study, the organ distribution of both non-PEGylated and PEGylated crosslinked 
albumin nanoparticles was investigated in A431 tumor bearing mice. Soluble human serum albumin 
(HSA) was co-injected with both types of nanoparticle formulations via the tail vein of mice. 
HSA and the albumin nanoparticles were labeled with a different combination of labels allowing 
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separate detection after administration of the formulations in one animal. The nanoparticles were 
dual labeled with Dye750 and Alexa488, enabling their detection by whole body near-infrared 
imaging and immunofluorescence and 2-photon microscopy for the organs, while HSA was labeled 
with Dye680 and Dye405 for the same purposes. The near-infrared signal was detected with 
fluorescence molecular tomography (FMT) and fused with micro-computed tomography (µCT) 
images that aided to differentiate signals in individual organs, hence improving the localization of 
the signal to internal organs [27]. After necropsy (48h post injection), organs were scanned ex vivo 
and further collected for fluorescence and 2-photon microscopy for in depth organ localization 
of both nanoparticles and soluble HSA.

2. Materials and Methods

2.1. Materials

Albumin, human fraction V powder, glutaraldehyde, 8% aqueous solution grade I and 
dimethylsulfoxide (DMSO) were purchased from Sigma Aldrich. NHS-PEG3500- maleimide was 
obtained from Jenkem Technology (Beijing, China). Dye750-NHS, Dye680-NHS and Dye405-NHS 
were obtained from Dyomics (Jena, Germany). Alexa488-NHS was purchased from Invitrogen. 
Blood collection needles (0.30 x 12 mm BL/LB, 30G x ½¹¹) were obtained from Braun/Sterican. 
Isoflurane 100% (v/v) was purchased from Abbott (Breda, The Netherlands). 

2.2. Methods

2.2.1. Preparation of labeled nanoparticles and soluble albumin

Albumin nanoparticles were prepared as described previously [28] with minor modifications. 
Nanoparticles were centrifuged at 1000 g for 5 min to remove big aggregates. The collected 
supernatant was further centrifuged at 45.000 g for 1 hour at 4°C. The obtained pellet was 
dispersed in deionized water, followed by centrifugation and resuspension (in total 3 times). 
Next, 30 mg of nanoparticles (5 mg/ml) dispersed in 0.1 M phosphate buffer (PB), pH 8.0, were 
dual-labeled (HSA: Dye750:Alexa488 1:0.2:0.2 mol/mol/mol) with Dye750-NHS (5.3 µl from 17 
nmol/µl in DMSO) and Alexa 488-NHS (5.3 µl from 17 nmol/µl in DMSO) simultaneously at 4°C 
overnight. Labeled nanoparticles were purified by two times centrifugation at 45.000 g for 1h at 4 
°C washed with deionized water and finally resuspended in 0.1 M PB, pH 7.4 and stored at 4°C.

For preparation of PEGylated nanoparticles, 30 mg of labeled nanoparticles (5 mg/ml) were 
resuspended in 3.7 ml of 0.1 M PB, pH 8.0 and reacted with 2.3 ml of freshly prepared NHS-
PEG3500-Mal taken from 3 mM stock in 0.1 M PB, pH 8 (HSA:PEG 1:15, mol/mol) at room 
temperature (RT) for 1h. PEG-NP were purified from unreacted PEG by centrifugation and 
resuspended and kept in 0.1 M sodium carbonate, pH 9.0 to quench the maleimide groups for 
4h at RT. Later, PEG-NP were centrifuged as mentioned earlier and resuspended in 0.1 M PB, pH 
7.4 [28].
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Soluble albumin (25 mg, 10 mg/ml) was dual-labeled with Dye680-NHS (4.4 µl from 17 nmol/µl 
in DMSO) and Dye 405-NHS (4.4 µl from 17 nmol/µl in DMSO) (HSA: Dye680:Dye405 1:0.2,0.2 
mol/mol/mol) in 0.1 M PB, pH 8.0 at 4°C overnight. Albumin was purified on PD10 (Sephadex, 
G-25) columns according to provider’s instructions (GE Healthcare) in PBS. Total protein content 
was determined by a Micro BCA assay (Thermo Scientific). 

2.2.2. Characterization of nanoparticles

Average size and polydispersity of the nanoparticles were determined by dynamic light scattering 
(DLS) on a Malvern ALV CGS-3 (Malvern Instruments, Malvern, UK) containing a He\Ne laser 
source (λ=632.8 nm, 22 mW output power) under an angle of 90°. The zeta potential of the 
nanoparticles was determined using a Malvern zetasizer Nano-Z (Malvern Instruments, Malvern, 
UK). The measurements were performed in 10 mM Hepes buffer, pH 7.4 at 25 °C. 

4 mg/ml albumin nanoparticles dual labeled with Dye750 and Alexa488 (0.2/0.2, 0.1/0.1, 0.05/0.05 
and 0.02/0.02:1 (mol/mol), Dye750/Alexa488:HSA) were diluted 1, 10, 100 and 1000 times in PBS 
in resin phantoms (PerkinElmer, Germany) and pre-evaluated by FMT (2D and 3D) and FluorVivo 
100 (INDEC Biosystems, Santa Clara, CA, USA) scans for signal intensity (supplementary fig 1). 
Nanoparticles with the 0.2/0.2: dye:albumin coupling ratio were selected to calibrate the FMT. 
Calibration was performed as mentioned in Kunjachan et al., [27]. 

2.2.3. Dual CT and FMT Imaging

High resolution dual-energy microCT imager (Tomoscope DUO: CT Imaging, Erlangen, Germany) 
was used to scan the whole body of mice for anatomy references and later organ segmentation. 
Mice under 2% isoflurane narcosis were placed onto a multimodel imaging cassette (CT-imaging, 
Erlangen, Germany), positioned tightly and delivered into the imager with the tumor facing 
up. Scans were run at 65 kV and a current of 0.5 mA; each flat panel detector acquired 720 
projections containing 1032_1012 pixels in a full gantry rotation for a duration of 90 s; all images 
were reconstructed with an isotropic voxel size of 35 µm, using a modified Feldkamp algorithm 
with a smooth kernel [27].

Immediately after the CT scanning, mice still under anesthesia and in the exact same position 
in the imaging cassette were placed into an FMT docking station (FMT2500, PerkinElmer). All 
the parameters for imaging were preset according to the calibrations made previously with the 
labeled nanoparticles. 2D and 3D whole body scans were performed. The spatial density of the 
scanning mode was set to “medium” (3 mm default setting) [27]. Animals were pre-scanned prior 
to injection to correct for autofluorescence. Three-dimensional imaging (up and down scans of 
mice) was carried out at various time points. 
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2.2.4. Biodistribution in tumor bearing mice

Animal experiments were approved by the ‘Landesamts für Natur, Umwelt undVerbraucherschutz 
(Lanuv)’. Mice were fed ad libitum with chlorophyll free food (ssniff Spezialdiäten Gmbh, Soest, 
Germany) to minimize the background fluorescence in the GI tract. Biodistribution of albumin 
nanoparticles + HSA (Group1; n=4) and PEGylated albumin nanoparticles + HSA (Group 2; n=4) 
was studied in small female nude mice (CD-1 nude, strain code 086, Charles River Laboratories 
International Inc, USA). Mice were subcutaneously (right flank) inoculated with 1x106 A431 cells 
(at passage 7) in 100 µl PBS. Biodistribution experiment started once the tumors reached ~300 
mm3 approximately 2 weeks after the inoculation of tumor cells. Mice were anesthetized by 2% 
(v/v) isoflurane in a gas chamber and 0.75 mg of labeled nanoparticles or PEGylated nanoparticles 
and 0.75 mg of labeled HSA (in a total volume of ~115 µl in PB, pH 7.4) were injected via a 
catheter into the tail vein under anesthesia. Immediately after the injections while still under 
anesthesia, mice were scanned by dual CT/FMT imaging modality 30 min after injection. Later, 
mice were reanesthetized and scanned at 4h, 24h and 48h after administration of the formulations. 
In between these time points mice were allowed to recover from anesthesia. Directly after 
imaging, blood samples (~20 µl) were collected via the submandibular vein in the cheek. After 
the collection of the last blood sample and 15 min prior to sacrifice mice were injected with 
rhodamine labeled lectin (RCA-1) to localize the vessels during histology (Lot. W1214, Vector 
Laboratories, LTD, UK). Organs were collected and analyzed by ex-vivo FMT and later weighed 
and preserved in Tissue-Tek® O.C.TTM (Sakura, The Netherlands) at -80 °C for the later detection 
of fluorescence by fluorescence and 2-photon microscopy. The stomach was emptied from its 
contents and all organs were rinsed in PBS before FMT ex vivo scans. Tumor size and animal weight 
was closely monitored throughout the experiment to record tumor growth and possible toxicity 
signs (due to CT-related radiation). Tumors were measured with a hand-held caliper by the same 
person. The lower and higher values were recorded as the width (W) and length (L), respectively. 
Tumor volume was calculated as mm3, with the following equation (V=[L x (w)2]/2). 
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Scheme1. Schematic representation of the experimental setup for the biodistribution study of HSA and NP. Mice 
were scanned with dual CT/FMT modality at different time points. Blood was collected at each time point. 15 min prior 
to sacrifice, rhodamine-lectin was injected and organs were collected for ex-vivo FMT scanning. 

2.2.5. Histology

In order to validate the biodistribution findings from CT/FMT scans, histology was conducted 
on cryosections of tumor and liver specimens in which blood vessels had been visualized by 
perfusion with rhodamine labeled  RCA-1 lectin.  Immunofluorescence was performed on 8 µm 
cryosections (prepared in a Leica CM3050 S cryostat, Rijswijk, The Netherlands) and observed 
with fluorescence microscopy at 405, 488 and 550 nm channels. 2-Photon microscopy, a more 
sensitive method for fluorescence detection, was performed with 100 µm sections and covered 
throughout this width in the appropriate wavelengths for both HSA and NP detection. Blood 
vessels were visualized in red, while localization of HSA and NP were visualized in blue and green, 
respectively.

2.2.6. Two-photon laser scanning microscopy

The tumor slices were imaged using an Olympus FV1000MPE multiphoton microscopy system 
(Mai Tai DeepSee pulsed Ti:Sapphire laser with 140 fs pulse width at an excitation wavelength 
of 800 nm and a 25x water dipping objective (NA = 1.05 , WD = 2 mm). Three internal photon 
multiplier tubes were used to detect the fluorescence signals, and filters were adjusted to the 
corresponding spectra: 380nm – 418 nm for albumin (conjugated to Dye405), 495nm – 540nm for 
nanoparticles (conjugated to Alexa488) and 590nm – 650nm for rhodamine-labeled lectin. TPLSM 
images were analyzed using Image-Pro Analyzer 7.0 software (Media Cybernetis, Inc.). 

3. Results 

3.1. Characterization of albumin nanoparticles

Dual labeled albumin nanoparticles (NP) and PEGylated albumin nanoparticles (PEG-NP) had a 
hydrodynamic size slightly smaller than 100 nm and a negative zeta potential (Table 1). PEGylation 
had a shielding effect on the charge of the NP. These properties are in good agreement with 
data reported in our previous paper [28]. Dye coupling ratio to nanoparticles was determined 
by phantom measurements (Supplementary fig. 1A-B). The linearity of the signal intensities 
was investigated upon dilution of the nanoparticle dispersions in PBS (SF. 1C-D). The results 
demonstrate that the signals were not quenched in the concentration range of 4 - 0.004 mg/ml 
NP for all dye:NP ratios. Based on this observation, we conducted the animal study with particles 
labeled with 0.2/0.2:1 molar ratio.

133



134

Table 1: Characterization of dual labeled albumin nanoparticles

Samples* Size (nm) PDI** Zeta potential (mV)
NP 83 0.1 -27
PEG-NP 93 0.1 -14

*  Samples are all dual labeled with 1:0.2 (NP:Dye750) and 1:0.2 (NP:Dye488, mol/mol) , ** Polydispersity index

3.2. Organ distribution of human serum albumin 

The tumor accumulation and biodistribution of soluble HSA versus HSA based nanoparticles 
were investigated. Fig. 1A shows the 2D FMT signal (at 680 nm) of mice injected with dual 
labeled HSA. The images show a top dorsal view of the mice and the tumor is visible on the right 
flank. HSA distributed throughout the whole body, leading to enhanced signal in well-perfused 
organs like the liver at 30 min and 4h. At the 4h time point, HSA accumulation in the tumor was 
clearly detectable. Fluorescence in the tumor remained high and appeared as the main tissue of 
distribution at 24h and 48h. The blood levels of HSA showed a relatively rapid clearance profile 
(Fig. 1B) such that at 30 min after injection ~5% of the injected dose was detected in the blood, 
which further decayed below detection level at 48h. To get a better view of organ accumulation 
of HSA after 48h, we analyzed the organs ex-vivo (Fig. 1C) with 2D FMT. These images also 
confirmed the efficient accumulation of HSA as observed in the whole body scans (Fig. 1A) by 
showing that after 48h the fluorescence signal of Dye680-HSA was detectable in the tumor. 
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Figure 1. Body and organ distribution of dual labeled HSA. A) 2D-FMT images of HSA were recorded at 680 nm 
channel at 0.5, 4, 24 and 48h. One mouse (dorsal) from each group is shown. Both groups G1 (NP) and G2 (PEG-NP) 
were injected with HSA. L (liver), T (tumor)  B) Percentage of injected HSA in blood over time. C) 2D-FMT ex-vivo organ 

images (left) were taken after 48h and the fluorescence signal was quantified (right).

As a limitation of the technique, 2D FMT imaging does not distinguish between organs, but rather 
gives an estimation of the signal localization [27]. We therefore constructed a virtual 3D image of 
the mice by segmenting the organs individually from the CT scans and fusing them with the 2D 
FMT scans. The organs are depicted in different colors and near-infrared signal of the Dye680-
HSA is shown as blue fluorescent clouds in the 3D CT-FMT images (Fig. 2A). This method allows 
the comparison of HSA distribution between the organs (Fig. 2B), which makes this technique 
superior to 2D FMT whole body scans. HSA distribution in the body was clearly visualized in 
organs such as the liver, kidney and heart which contain a relatively high blood content. Although 
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the tumor is less vascularized compared to these organs, a substantial amount was detected 
already at 30 min post injection (Fig. 2B). 2D FMT showed efficient tumor accumulation and 3D 
CT-FMT showed more specific distribution of HSA in tumor but also liver, kidneys and heart.

Figure 2. A) 3D CT-FMT image of mice (ventral) injected with HSA. L (red, liver), T (blue, tumor), FC (fluorescent 
cloud) B) 3D-FMT signal quantification of HSA in individual organs at different time points in NP and PEG-NP injected 
groups. 

3.3 Organ distribution of human serum albumin nanoparticles

Figure 3A shows the biodistribution of Dye750 labeled albumin nanoparticles NP (top) and 
PEGylated NP (PEG-NP) (below) in tumor bearing mice. Both types of nanoparticles, in contrast 
to HSA, accumulated predominantly in the liver. Analysis of Dye750 signal in the blood showed 
that already at 30 min after administration, circulating levels of the nanoparticles had dropped 
below detection level. Fig. 3B shows the ex-vivo organ images and the quantification of the signal 
after 48h in which liver and spleen were the organs with highest accumulation of NP and PEG-NP. 
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Figure 3. Body and organ distribution of dual labeled human serum albumin nanoparticles. A) 2D-FMT images of (G1) 
NP and (G2) PEG-NP at 750 nm channel. One mouse (dorsal) from each group is shown. Organs with accumulation are 
depicted as L(liver) and T(tumor). B) 2D-FMT ex-vivo organ images (left) after 48h and the quantification of the signal 

(right). 

3D CT-FMT images were reconstructed (Fig. 4A) to further quantify the near-infrared signals in 
internal organs (Fig. 4B). NP and PEG-NP accumulated similarly in the liver, while NP levels in 
heart lungs and kidneys were more than 10-fold less already at 30 min after injection, showing 
their rapid clearance from the blood. This result from the 3D CT-FMT signal quantification was 
confirmed by the levels detected in the harvested blood, which showed that the nanoparticle 
formulations had circulated very shortly and were below detection limits after 30 min. 3D CT-
FMT signal quantification of liver levels showed that labeled NP and PEGylated NP remained 
trapped in the liver, although the signal gradually decreased at later time points of the study, most 
likely due to metabolism of the particles and excretion of the dye from the body.

137



138

Figure 4. A) 3D CT-FMT image of mice (ventral) from NP group its back facing down. L (white, liver), T (blue, tumor), 
FC (fluorescent cloud) B) 3D CT-FMT signal quantification in individual organs at different time points in mice from NP 

and PEG-NP injected groups. 

3.3. Immunofluorescence and 2-photon microscopy

Tumor and liver were first analyzed with fluorescence microscopy to detect accumulation of 
labeled HSA (Dye 405) or nanoparticles (Alexa 488). Blood vessels were visualized by perfusion 
with rhodamine-labeled lectin (RCA-1). The fluorescence microscopy images showed that both 
HSA (blue) and albumin nanoparticles (green) were detectable in the tumor (Fig. 5A-B). The 
merged images (Fig. 5C) showed that to a certain extent the localization of HSA and albumin 
nanoparticles overlapped. In addition, both formulations were also detectable in the liver (Fig. 
5D-E) where they showed complete overlap (Fig 5F). Similar results were found for PEGylated 
nanoparticles. These findings underline that, although differences in distribution profile are seen 
between formulations and between organs, the distribution on the cellular level is remarkably 
similar.
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Figure 5. Fluorescence microscopy images of tumor (A-B-C) and liver (D-E-F) 48h after injections. HSA (blue, Dye 

405), NP (green, Alexa 488) and rhodamine-lectin perfused vessels (red, 550 nm) are shown. Bars indicate 20 µm. 

To support the fluorescence images, thicker sections of the same organs were also analyzed with 
2-photon microscopy. This technique can potentially enable better tissue penetration with less 
tissue scattering compared to fluorescence microscopy [29]. The tumor showed very weak and 
more diffuse HSA signal (Fig. 6A) in contrast to fluorescence images (Fig 5A). Nanoparticles 
were hardly detectable in the tumor with 2-photon microscopy whereas with fluorescence 
microscopy they could be seen. PEGylated NP showed similar results to non-PEGylated NP. HSA 
and albumin nanoparticles also gave overlapping signal in the liver with 2-photon microscopy, (Fig. 
6B) confirming the colocalization of both HSA and albumin nanoparticles in the liver. 
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Figure 6. 2-photon microscopy image of the A) liver and B) tumor 48h after injection. Vessels were stained with lectin 
(red) prior to sacrifice. The images are obtained by merging NP-488 (green) and HSA-405 (blue) resulting in cyano-blue. 

4. Discussion 

In this study we investigated the tumor accumulation and biodistribution of dual labeled albumin 
nanoparticles and soluble HSA by near-infrared whole body imaging, supported by tumor and liver 
immunofluorescence and 2-photon microscopy. Soluble HSA showed clear tumor accumulation 
in mice. The tumor accumulation of soluble HSA can be attributed to its circulation time in the 
body which eventually resulted in “enhanced permeation and retention”. However, HSA was 
also gradually cleared from the tumor/body. As opposed to human serum half life (~19 days), the 
mouse serum albumin (MSA) has a half life of about 3-4 days. Modifications introduced to self 
albumin can lower its half life drastically as observed with 51Cr labeled MSA that showed a half 
life of 6h. Even more strikingly 51Cr labeling performed on albumin from a different a species and 
injected in mice had a half life of ~1h  [30]. The chemical modifications introduced during our 
labeling procedure and the fact that the origin of the albumin is human, can explain the fast blood 
clearance of HSA in our study. 

Although soluble albumin showed the expected tumor accumulation and body distribution, 
albumin nanoparticles either PEGylated or not-PEGylated did not show a pronounced tumor 
uptake and accumulated predominantly in the liver. As discussed by Maeda et al, nanoparticles and 
soluble macromolecules can accumulate in tumor tissue via the EPR effect [4]. Although the EPR 
effect is well-known and often referred to as the guiding principle for tumor targeting, several 
biological and physicochemical properties of the applied carriers ultimately determine successful 
intratumoral accumulation. Among others, prolonged circulation of the carrier at sufficiently 
high levels is required for significant extravasation into the tumor by EPR [2]. When we look 
at the circulation time of NP and PEG-NP in this study, this requirement is not met. Both the 
concentrations of NP and PEG-NP in blood were below the detection limit at the time of the 
first sample (~30 min) and, unexpectedly, there was no difference between PEGylated and non-
PEGylated NP. The rapid blood clearance correlates well with the strong uptake by liver (and to 
a lesser extent spleen). Hepatosplenic uptake usually indicates rapid recognition of the NP by 
macrophages [31]. The similar distribution of NP and PEG-NP in whole body images indicates 
that the PEG-coating was not able to shield the surface of the particles from opsonization and 
subsequent recognition by the resident macrophages in the liver [31]. It is possible that the 
chemicals (ethanol and glutaraldehyde (GA)) used to desolvate and crosslink albumin into stable 
NP form lead to exposure of epitopes that are difficult to conceal with PEGylation. As a matter 
of fact, NHS-PEG coupling is dependent on the accessibility of free primary amine groups on 
the albumin nanoparticles, which may have been hampered by glutaraldehyde which also reacts 
with amine groups. Nevertheless, the zeta-potential of PEGylated NP was significantly reduced 
as compared to the non-PEGylated NP, indicating that surface shielding had occurred to some 
extent.
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Different preparation methods have been used to prepare albumin nanoparticles (i.e desolvation, 
emulsification, thermal gelation, nano spray drying, nab-technology and self-assembly) [32]. Below, 
we summarize some in vivo studies performed with albumin nanoparticles prepared by desolvation 
and glutaraldehyde crosslinking.  

Polyak et al., studied the biodistribution of 99mTc labeled doxorubicin loaded non-PEGylated 
human serum albumin NP resulting in different sizes (180-450-1800 nm), in healthy rats by 
external imaging with 99mTc SPECT. According to the findings, 1800 nm particles accumulated 
in the lungs first (~80% injected dose after 5 min), followed by uptake in liver and finally renal 
excretion of radiotracer in 24h. On the other hand, 180 nm NP accumulated in liver within 5 min 
[26]. This rather fast liver accumulation is also in agreement with our ~100 nm NP.

Chang et al., investigated the biodistribution of doxorubicin loaded bovine serum albumin 
nanoparticles surface functionalized with hematoporphyrin (HP) for targeting LDL receptors which 
are expressed by hepatocyte derived cancers. Biodistribution of these ~350 nm nanoparticles was 
investigated in healthy and liver tumor bearing rats by determining the doxorubicin concentration 
in these organs. It was reported, that HP targeted NP formulations accumulated 3 times better 
in liver in tumor-bearing rats compared to healthy rats. The accumulation per organ is stated 
in terms of doxorubicin concentration, however it is not clear whether doxorubicin stayed 
associated to nanoparticles during circulation. The in vitro release in PBS indicates more than 50% 
was doxorubicin released in one day from these nanoparticles. This could have jeopardized the 
results of in vivo biodistribution of nanoparticles visualized for two days in rats [24], however as 
observed by Polyak et al., nanoparticle accumulation occurs at early time points. Therefore, based 
on the early time points in this study, it can be concluded that liver accumulation of albumin NP 
was observed in liver tumor-bearing rat in this study.

Kim et al., studied the pharmacokinetics of TRAIL-HSA-NP (~350 nm) to which the radioiodinated 
death receptor ligand TRAIL (TRAIL= a recombinant protein that induces apoptosis) was non-
covalently associated. Organs were collected at different time points (t= 5 min, 0.5h, 1h, 4h) 
and radioactivity was determined. At 5 min-1h after injection, the radioiodinated TRAIL-HSA-NP 
complex was primarily detected in liver and tumor [33]. This study showed tumor accumulation 
of these albumin nanoparticles and also the inevitable accumulation in liver and spleen. The 
detection of radioactivity in the kidney within 5 min could be due to a fraction of free (non-
coupled) radioactive label, since the nanoparticles are too big to be excreted. Also the rapid 
collection of the organs after injections was perhaps useful to detect radioactivity in tumor and 
liver as the signal decreases rapidly at later time points.

Bae et al., studied doxorubicin loaded HSA-NP coated with transferrin and TRAIL (~200 
nm). During crosslinking of the NP amine groups were temporarily protected with DMMA 
(dimethylmaleic anhydride) to preserve amine-functional groups later removed and used to couple 
TRAIL and transferrin to the HSA-NPs. Biodistribution was studied with cy5.5 labeled NP in mice 
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bearing HCT116 tumors, where the NP gradually accumulated in tumor, reaching its maximum 
concentration between 16-32h. From the images, tumor seemed to be the predominant organ for 
NP accumulation [25]. Since DMMA protection of amine groups during crosslinking makes less of 
these groups accessible to glutaraldehyde, eventually –after crosslinking and deprotection- more 
amine groups are present at the surface of the nanoparticles. This strategy will thus result in a 
differently charged surface as compared to our approach, and it will offer more binding sites for 
surface surface conjugation of TRAIL. This synthesis strategy may have contributed to the high 
tumor accumulation up to 32h, which is remarkable compared to any other study mentioned 
above.

Ulbrich et al., studied loperamide loaded insulin receptor targeted PEGylated albumin NP for 
brain delivery. The antinociceptive effects of the formulations were detected by a tail-flick test and 
mice were monitored for 2h. From this study however it is not possible to deduce whether the 
formulation accumulated in liver or not [34]. Korkusuz et al., showed brain targeting with folate 
conjugated gadolinium loaded albumin nanoparticles administered intravenously via retrobulbar 
injection. These nanoparticles showed brain accumulation as well as liver accumulation which was 
also observed for NP without folate [35]. 

The above mentioned in vivo studies differ in nanoparticle preparation, properties and experimental 
set-up within eachother and from our study. This makes the comparison of the results difficult. 
Nevertheless, the studies prove that a large fraction of the injected albumin nanoparticles 
accumulate in the liver, but additionally tumor accumulation is also reported.

The histology analysis of the organs showed clear differences in liver accumulation of both HSA 
and NP in comparison to ex-vivo FMT scans. The NP accumulation in the liver from the early time 
points was obvious from whole body scans, most likely being captured by the Kupffer cells of 
the liver. Both microscopy techniques confirmed NP localization in the liver too. Moreover, this 
in depth analysis of the liver tissue showed that the HSA signal overlapped with the NP signal, 
implying that both formulations were eventually captured by the same cells in the liver, likely the 
Kupffer cells. Furthermore, both microscopy techniques showed very weak signal in the tumor for 
HSA, this could be because of the late end point (48h) of the experiment and gradual clearance 
of HSA from the tumor tissue either by uptake and digestion via the tumor cells [8] or tumor 
associated macrophages. In view of the short circulatory half-life of our formulations, collection of 
organs at earlier time points could have helped to detect more signal in the tissues. Nevertheless, 
the microscopy techniques allowed us to detect (although low) HSA and nanoparticles in the 
tumor, which was not possible to detect with whole body imaging. 

The 2D FMT scans combined with CT to obtain 3D CT-FMT images gave a clear understanding of 
the body and tumor accumulation of nanoparticles and especially for HSA. Both techniques showed 
predominant accumulation of the nanoparticles in the liver and only at the microscopic level, they 
were detected in the tumor. The HSA signal quantification with 3D CT-FMT (Fig. 2B) showed 
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low signal in tumor relative to other organs. This is likely caused by the lower vascularization of 
the tumor compared to the liver, spleen and the heart [27]. These well vascularized organs are 
underestimated with other techniques, as several proteins in blood (particularly haemoglobin) 
and tissues (cytochromes and myoblobin) can absorb excited and emitted light, resulting in a 
drastic decrease of fluorescence intensity [36]. Therefore the HSA signal in the ex vivo liver, heart 
and spleen (even if they contain HSA) will be less likely to be detected in comparison to the 
tumor, unless its substantially high [27]. 

5. Conclusion

Taken together, crosslinked albumin NP showed little tumor accumulation even when PEGylated. 
This can be attributed to their short circulation time and rapid uptake in the liver. Our findings 
indicate that an improved shielding of the surface of albumin nanoparticles is necessary in order 
to provide them with stealth-like properties. Several possible strategies can be followed to 
improve the surface shielding, such as increased PEG-density or increased length or branching 
of the PEG tethers, or combination of these strategies. In addition different crosslinking reagents 
can be exploited such as BS3 (bis(sulfosuccinimidyl)suberate). Our results also demonstrate that 
the favorable properties of soluble albumin as a long-circulating protein are lost once it is labeled.
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Supplementary Information 

Supplementary Figure 1. A) 2D and B) 3D FMT phantom calibration measurements of albumin nanoparticles 
coupled to Dye750 and Alexa488. Molar ratios of Dye750/Alexa488 : HSA is 0.2,0.2:1;  0.1,0.1:1; 0.05,0.05:1; 0.02,0.02:1 
are stated as NP1, 2, 3, 4 respectively. Signal quantification of C) 2D-FMT and D) 3D-FMT.

Supplementary Figure 2. Monitoring of A) tumor size and B) weight of mice throughout the study.
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In 1929, when Alexander Fleming discovered ‘penicillin’ by chance, he revolutionized the treatment 
of bacterial infections in human, which was the main cause of death until the early 20th century 
[1]. The success of the antibiotic chemotherapy is largely due to the low side-effects on humans. 
At the molecular level, one can discern relatively large differences between bacterial and human 
proteins and it is therefore feasible to develop drugs that display selective activity in bacterial 
cells. Consequently, most side-effects from antibiotics come from the -undesired- interaction 
with beneficial bacteria in the gastrointestinal tract and not from the interaction with mammalian 
cells [2].

As opposed to bacterial infections, cancer is a disease in which the affected cells are derived 
from autologuous cells, and as such, cancer cells are highly similar to normal healthy cells. The 
most prominent difference between cancer cells is that they are able to grow in an uncontrolled 
manner. The high similarity between cancerous cells and normal cells makes the treatment of 
cancer with few side effects almost impossible. Traditional chemotherapeutic agents mostly aim 
to kill the tumor cells by interfering with the cell cycle, provided that tumor cells proliferate more 
than normal cells. Chapter 2 summarizes alternatives to this treatment by using molecularly 
targeted small molecule drugs (more specifically tyrosine kinase inhibitors) which are frequently 
used in the treatment of cancer today. These drugs aim to block signaling cascades that are altered 
in cancer cells and of which the activation contributes to uncontrolled proliferation, infiltration 
into tissues or other malignant aspects of cancer cells like the capability to detach and regrow in 
a different location of the body, thus forming metastases. Kinase inhibitors are anticipated to be 
less toxic compared to cell cycle inhibiting drugs, since they act at well-defined molecular targets 
that are overexpressed or overactivated in cancer cells. Although kinase inhibitors are by far less 
toxic than classical anticancer drugs, however they do display severe and dose-limiting side effects, 
simply because the targeted signaling pathways are common in normal and tumor cells. This 
problem can be addressed by targeting these drug molecules to specific cells,  so called advanced 
drug targeting or delivery.  

The concept of delivering anticancer drugs or drug candidates to the tumor with nanomedicines 
has opened a new era for cancer treatment. A nanomedicine is composed of an anticancer drug 
and a nano-sized carrier system that can circulate in the blood stream. Typically, nanocarriers have 
a size of about 50-200 nm in diameter. The nano-sized properties of these particles enable them 
to circulate in the blood stream, and eventually to reach the tumor tissue upon extravasation. 
Most nanomedicines exploit the same feature of solid tumor tissue for site specific accumulation, 
which is the distorted vasculature and lymphatic system, commonly referred to as the enhanced 
permeation and retention (EPR) effect. Chapter 2 describes different types of nanomedicines 
composed of lipid, polymer or protein materials that can undergo EPR based tumor accumulation. 
Within the tumor site, targeted nanomedicines can interact with tumor cells via specific targeting 
ligands such as antibodies, peptidic or carbohydrate binding ligands. This interaction is very 
important as it can facilitate the uptake and intracellular delivery of drug molecules in specific 
target cells. The second part of Chapter 2 highlights how nanoparticulate carriers and molecular 
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bioconjugates can be used for targeted delivery of kinase inhibitors to tumors. 

Most tumor cells (over)express plasma membrane receptors that are involved in signaling 
pathways leading to uncontrolled proliferation. The identification of these receptors (biomarkers) 
is crucial for the classification of the tumor and helps clinicians to assign treatment regimens 
for the patients [3]. The most commonly studied cancer associated receptors are members of 
the epidermal growth factor receptor (EGFR) family. Growth factor receptors are attractive 
recognition points for tumor cell directed drug targeting strategies by means of actively 
targeted nanomedicines, i.e. drug-loaded nanocarriers that are internalized by target cells via 
receptor mediated endocytosis.  Chapter 3 discusses how EGFR-expressing tumor cells can be 
specifically targeted with nanomedicines equipped with either classical monoclonal antibodies 
towards EGFR or newer recombinant antibody fragments that bind selectively to this receptor. 
Nanobodies are the smallest antigen binding domains of heavy chain-only antibodies present 
in Camelids. Their small size, ease of production, stable structure, high specificity and affinity 
to receptors and lack of Fc fragment that evokes immune response have made them attractive 
for constructing nanobody-nanoparticle complexes and targeting them to the tumor tissue in 
comparison to monoclonal antibodies [4-7]. Nanobodies (~15 kDa) are eliminated from the 
body by renal filtration (molecular cut-off for filtration ~60 kDa) and therefore have a very 
short circulation half-life [8]. Approaches to increase the circulation time of nanobodies include 
multimerization, fusion to an albumin domain or to a secondary nanobody domain that binds 
to circulating albumin. Moreover, nanobodies can also be conjugated to nanoparticulate carriers 
like liposomes or polymeric micelles to avoid renal filtration. More recent studies have shown 
that such nanobody-targeted nanocarrier systems can effectively deliver therapeutic payloads 
to tumor cells, as was demonstrated with nanobody-liposomal systems [9], nanobody-equipped 
polymeric micelles [10] and, as discussed in this thesis, nanobody-equipped albumin nanoparticles. 
Nanobodies have furthermore been used to deliver protein therapeutics to tumor cells, i.e.  
enzymes that can activate prodrugs at tumor site [11] or toxic proteins like Pseudomonas 
exotoxin A [12] and lidamycin [13].  In Chapter 4 we studied nanobody decorated albumin 
nanoparticles (NANAPs) as a nanoparticulate carrier of the multikinase inhibitor 17864, for 
delivery to EGFR overexpressing tumor cells. 17864 is a sunitinib analogue multikinase inhibitor 
active against several growth factor tyrosine kinase receptors, and is an attractive compound for 
inhibiting tumor cell proliferation. 17864 was coupled to albumin nanoparticles via a platinum 
linker (Lx) that provided a stable linkage between the carrier and the drug [14-16]. As outlined 
in the supplement to chapter 4, we studied the non-covalent encapsulation of sunitinib into 
albumin nanoparticles via physical adsorption. However, this procedure via either pre-loading 
or post-loading methods failed since the encapsulated drug rapidly diffused out upon dispersion 
of the sunitinib nanoparticles in albumin containing buffer. In contrast, the 17864-LX conjugated 
nanoparticles remained stable under such conditions. 
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17864 coupled albumin nanoparticles were further PEGylated to shield their surface charge and 
to couple EGa1 nanobody to the distal end of the PEG. Next, when we studied the interaction of 
this type of nanoparticles with EGFR-expressing tumor cells, we demonstrated that the cellular 
entry of EGa1-PEG-NP (EGa1-NANAP) was mediated by clathrin mediated endocytosis which 
led to lysosomal localization and degradation of the nanoparticles. This cellular routing of EGa1-
NANAPs resulted in inhibition of the proliferation of EGFR-expressing tumor cells (head and 
neck squamous carcinoma cells-14C). The in vitro success of EGa1-NANAPs can be attributed 
to two aspects of this drug carrier; the EGa1 nanobody that guided the internalization of the 
nanoparticles into the EGFR overexpressing 14C cells and to the platinum linker that prevented 
premature drug leakage before entering cells and released the drug only after co-localization 
in lysosomes. In addition to the platinum linker, other linkers such as enzymatically cleavable 
peptide linkers [17] or pH sensitive linkers [18-22] have been used to link drug molecules to 
macromolecular carriers and such linkers can also be of use for the conjugation of drugs to the 
abundant functionalizable groups present on albumin nanoparticles. The suitability of the drug 
linker should be thoroughly investigated for the efficient release/delivery of the drug inside the 
cell/tumor tissue. 

Apart from EGFR, c-MET signaling in tumor cells is becoming a hot topic in cancer research. Like 
most of the receptor tyrosine kinases, it is involved in biological processes such as proliferation, 
survival, motility and invasion [23]. Many tumors such as non-small cell lung cancer and gastric 
carcinoma have both EGFR and c-MET expression and the crosstalk between these pathways 
is associated with resistance to treatments with only EGFR or c-MET blocking agents [24-26]. 
Consequently, such tumors will benefit from combination therapies targeting both pathways 
[27,28]. 

In Chapter 5, we designed anti-c-MET-NANAPs as a nanomedicine that can potentially combine 
two therapies (either a c-MET kinase inhibitor in EGa1- NANAPs or an EGFR kinase inhibitor 
in anti-c-MET-NANAPs) depending on the type of tumor. We selected and produced a novel 
anti-c-MET nanobody (G2) and studied its agonistic/antagonistic properties as well as its ability 
to block migration of human lung (A549) and gastric (MKN45) carcinoma cells. G2-NANAPs 
showed similar intracellular routing to EGa1-NANAPs, i.e. endosomal uptake and routing to the 
lysosomal compartment. 

As a next step after characterization of the uptake of NANAPs by tumor cells, we investigated 
the haemocompatibility of albumin nanoparticles. Chapter 6 reports on an elegant assay for 
evaluation of the interaction of albumin nanoparticles with blood platelets. Platelet activation is an 
important hallmark of thrombogenesis and occurs very quickly (~180 ms) upon the interaction 
of activating ligands with surface receptors like integrin αIIbβ3 and P-selectin, and will eventually 
result in the formation of a blood clot [29]. Obviously, such responses should be avoided by 
nanocarrier systems and nanomedicines. Their fast responsiveness makes platelets ideal biological 
test substances to study the haemocompatibility of nanoparticles and nanomedicines before their 
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actual evaluation in in vivo experiments or in clinical settings.  First, we evaluated the responsiveness 
of platelets to Abraxane® and Taxol®, i.e. two paclitaxel carrying formulations which are already 
established in the treatment of cancer. Our studies with both isolated platelets and platelets in 
whole blood showed that the albumin based formulation of Abraxane® was haemocompatible, i.e. 
devoid of platelet activation, while the Cremophor EL based formulation Taxol® induced strong 
responses in fibrinogen binding (reflecting integrin αIIbβ3 activation) and P-selectin expression. 
Testing of the Cremophor EL vehicle demonstrated that these responses were due to this 
emulsion. Next, we studied the haemocompatibility of different types of nanoparticles.  Among the 
studied nanoparticles, only cationic liposomes activated platelets by enhancing fibrinogen binding 
to integrin αIIbβ3 and P-selectin expression on platelets. The anionic albumin nanoparticles and 
PEGylated albumin nanoparticles studied in this thesis did not initiate platelet activation. 

Although albumin nanoparticles are quite popular nanocarrier systems nowadays, studies on their 
biodistribution are scarce and often show only partial information on accumulation in specific 
organs such as the liver, lungs and spleen. In Chapter 7 we compared the biodistribution of 
PEGylated and non-PEGylated albumin nanoparticles with that of soluble albumin, by means 
of near-infrared imaging and fluorescence microscopy. 2D fluorescence molecular tomography 
(FMT) and 3D CT-FMT scans clearly showed that soluble albumin accumulated in the tumor. 
Unexpectedly, albumin nanoparticles were not detectable in tumor using this technique but rapidly 
accumulated in the liver. On the other hand, the fluorescence and 2-photon microscopy images 
showed signals in the tumor for both soluble albumin and albumin nanoparticles, while also in the 
liver both soluble albumin and the nanoparticles were detected. The overlapping signals of both 
formulations in liver is perhaps due to the capturing of these formulations by the Kupffer cells 
which is commonly encountered in the clearance of nanocarriers or macromolecules entering the 
body [30]. Our results show that albumin nanoparticles are not yet suitable for efficacy studies 
since the rapid clearance by the liver prevents their tumor accumulation by EPR and subsequently 
their uptake by tumor cells. Aspects that can be optimized further in the design of this class of 
nanocarriers are the PEG corona on the surface of the nanoparticles, either by increasing density 
of PEG or by using PEG with different lengths of the PEG chains. Although these parameters 
have been carefully characterized in our studies and we have demonstrated the functionality 
of the PEG coating in reducing non-specific uptake by cells (as shown in Chapter 4) and also in 
further minimizing the responses of blood platelets (Chapter 6), this may not have been sufficient 
to avoid uptake by macrophages in liver and spleen. Besides PEGylation, protection of albumin 
functional groups during nanoparticle preparation can also preserve the natural protein structure, 
for instance by reversible protection of amine groups like described by Bae et al., [31]. 

Perspectives and Conclusions

This thesis describes the design and characterization of albumin nanoparticles decorated with 
nanobodies for tumor specific targeting. We have studied in vitro the cellular processing of albumin 
nanoparticles functionalized with two different nanobodies (anti EGFR and anti c-MET) in three 
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tumor cell lines (14C, MKN45 and A549) and showed that the cellular routing of this type 
of nanoparticles is mainly mediated via the clathrin-associated endocytosis pathway. We have 
chemically coupled 17864 to the nanoparticles via the Lx linker and showed that both drug and 
nanobody are essential for therapeutic action in EGFR expressing cancer cells. The intracellular 
degradability of albumin nanoparticles and the subsequent release of 17864 is promising for drugs 
that need to be delivered intracellularly. In addition, this intracellular routing makes this type of 
nanoparticles ideal for pH sensitive or enzymatically degradable linkers. The albumin nanoparticles 
in this respect can be used as a model nanoparticle to investigate the cellular behavior of different 
type of drug linkers in terms of their efficiency to release the drug upon clathrin mediated uptake. 
The abundant functional groups of albumin can be used to couple the linker to the carrier, i.e. via 
NH2 and sulphur containing groups. 

In addition, the size of albumin nanoparticles can also be tailored to impart additional functions 
to them. Albumin nanoparticles are prepared by a random crosslinking procedure. Different 
size of nanoparticles are formed during this process, therefore two centrifugation steps (1000 
g and 45000 g) are performed, first to remove the big aggregates and later to isolate a fraction 
of the nanoparticles with small size. This isolation method confers a low polydispersity to 
the nanoparticle dispersion. To tailor the size, one can separate fractions that contain smaller 
nanoparticles by centrifuging the supernatants at higher speed and for longer time. The behavior 
of different size degradable albumin nanoparticles functionalized with nanobodies and containing 
different linkers can also be studied for their cellular interaction. Overall, albumin nanoparticles in 
vitro can be tailored to understand cellular responses on the different components of the carrier 
system, such as the targeting ligand and linkers used to coupled drugs. 

The in vivo biodistribution and tumor accumulation study of crosslinked albumin nanoparticles 
showed however that in their present form they are not suitable for active tumor targeting 
and PEGylation did not positively improve this effect. Our results clearly show that the stealth 
properties of crosslinked albumin nanoparticles have to be improved. Active targeting to the 
tumor tissue can only be fulfilled  if the drug nanoparticulate carrier passively accumulates in the 
tumor tissue, which means the drug carrier should first be able to circulate in the blood stream 
without being recognized by clearing systems such as macrophages or other cells that recognize 
charged nanoparticles. Better shielding of the albumin nanoparticle surface by increasing the PEG 
density as mentioned above must be investigated and more sophisticated assays than charge-
and size measurements are needed to demonstrate the shielding of the nanoparticle surface. 
Possible assay set-ups for this purpose are the binding and uptake of albumin nanoparticles by 
isolated Kupffer cells, as has been described for liposomes [32]. After showing the specific uptake 
by cancer cells by microscopic imaging techniques as shown in Chapter 4 and 5, the optimized 
crosslinked albumin nanoparticles can be tested in vitro for haemocompatibility. In addition to the 
platelet activation assay described in Chapter 6, hemolysis and complement activation assays can 
be performed to study the effect of surface shielding, as this kind of nanoparticle screening assays 
are becoming a general guideline to test the safety of drug delivery systems before systemic 
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administration [33]. 

Finally, in vivo biodistribution studies employing non-invasive imaging techniques as performed 
in Chapter 7 can be done to understand nanoparticles behavior upon intravenous injection. 
Organs like liver, spleen and lungs have high blood flow. Therefore intravenously administered 
formulations pass frequently through these organs as a result of high cardiac output in comparison 
to poorly vascularized tumor tissue. Regardless of long circulating properties, nanoparticles at 
best accumulate up to 10% in tumor and the other 90% usually ends up in liver and spleen [34]. 
In order to increase tumor uptake albumin nanoparticles can be administered via intratumoral 
injections. The inevitable liver uptake (to a certain extent) of nanomedicines at least necessitates 
drug carriers that can be degraded into by-products that are not toxic to the cells. Albumin 
nanoparticles can be a suitable candidate in avoiding carrier mediated toxicity in liver due to 
its enzymatic degradation in cells as shown in Chapter 4, 5 and 7. Yet, further studies should be 
conducted to investigate whether the degradation products of albumin nanoparticles are toxic 
or not. 

Although we have investigated and focused on tumor targeting properties of albumin nanoparticles, 
the use of albumin nanoparticles can go far beyond this field. For instance, they can be of great 
potential for treatment of infections that are caused by parasites that host in macrophages.  
Albumin nanoparticles can be loaded with antimicrobial agents for the treatment of infectious 
diseases such as schistosmiasis, brucellosis and salmonellosis [35]. 
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1. Conventionele kankertherapie 

Kanker cellen verschillen maar weinig van gewone cellen. Het is daarom erg moeilijk om 
geneesmiddelen te  ontwikkelen die kankercellen selectief dood maken en tegelijkertijd gewone 
cellen ongemoeid laten. Kankercellen zijn ontstaan uit gewone cellen en maken gebruik van dezelfde 
cellulaire processen voor o.a. celdeling als gewone cellen. De terugkoppelingsmechanismes op 
celdeling zijn in kankercellen echter ontregeld waardoor ze uiteindelijk tot tumoren kunnen 
uitgroeien.  

Conventionele kankertherapie richt zich op het remmen van celdeling door te interfereren in 
de celcyclus. Dit soort toxische geneesmiddelen heeft vaak bijwerkingen in normale weefsels 
met een hoge celdeling zoals de darmwand en haarfollikels.  Nieuwere geneesmiddelen tegen 
kanker richten zich op groeifactor receptoren en de daarbij behorende signaaltransductie 
eiwitten. Mutaties in groeifactor receptoren kunnen leiden tot een verhoogde activiteit van 
deze receptoren en dit leidt weer tot een snellere proliferatie en hogere overlevingskans van 
kankercellen. Antikanker geneesmiddelen die aangrijpen op groeifactor receptoren werken 
doorgaans selectiever dan stoffen die aangrijpen op de celcyclus en worden daarom moleculair 
gerichte geneesmiddelen genoemd. Er zijn twee soorten moleculair gerichte geneesmiddelen: op 
antistoffen gebaseerde eiwitten (monoclonale antilichamen) die de interactie van de groeifactor 
met de groeifactor receptoren blokkeren en organisch-synthetische geneesmiddelen die aangrijpen 
op de intracellulaire eiwitten die door de receptor geactiveerd worden als er  een groeifactor aan 
de receptor bindt. Dit type geneesmiddelen wordt kinase remmers genoemd. Zowel antilichamen 
als kinase remmers  zijn in dit proefschrift verder verwerkt in nanomedicijnen tegen kanker. 

2. Nanomedicijnen voor kankertherapie

Tumorweefsel heeft een belangrijk kenmerk dat verschilt van gezond weefsel. De bloedvaten in 
tumoren zijn namelijk minder goed opgebouwd dan in normale weefsels en ze worden daarom 
ook wel “lek” genoemd. Via deze lekke bloedvaten kunnen nanodeeltjes vanuit de bloedbaan in 
een tumor doordringen en in tumorweefsel accumuleren. Dit principe wordt het “Enhanced 
Permeability and Retention effect” genoemd, kortweg het EPR effect. Een nanodeeltjes dat met 
geneesmiddel beladen is wordt ook wel een nanomedicijn genoemd. Omdat de bloedvatwand in 
normale weefsels nanodeeltjes tegenhoudt, zal een nanomedicijn niet in gezond weefsel kunnen 
doordringen en het geneesmiddel in het nanomedicijn zal daarom minder in gezonde weefsel 
terecht komen. Nanomedicijnen zullen via het EPR effect echter wel in tumoren accumuleren 
en kunnen zo bijdragen aan een gerichte sturing van geneesmiddelen naar tumoren. Dit principe 
wordt ook wel “passieve drug targeting” genoemd. Een tweede manier van drug targeting naar 
tumoren is via gerichte herkenning van kankercellen. Dit kan bijvoorbeeld met de al eerder 
genoemde antistoffen die binden aan groeifactor receptoren in de celmembraan van kankercellen. 
Dit type van drug targeting wordt ook wel “actieve drug targeting” genoemd (Figuur 1).
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Figuur 1. Weergave van tumor targeting op weefsel en cellulair niveau. Tumorbloedvaten zijn “lek” en laten nano-
deeltjes door, in tegenstelling tot bloedvaten in normale weefsels die voor nanodeeltjes een barrière vormen. Hierdoor 
kunnen nanomedicijnen in tumoren accumuleren (passieve targeting). Nanodeeltjes met targeting liganden gericht tegen 
groeifactor receptoren kunnen binden aan het oppervlak van kankercellen en zo opgenomen worden (actieve targeting).

3. Samenvatting van het onderzoek in dit proefschrift

Het insluiten van van kinase remmers in een nanomedicijn is een aantrekkelijke manier om de 
selectiviteit voor kankercellen te verhogen. In Hoofdstuk 2 wordt een overzicht gegeven van de 
verschillende studies waarin kinase remmers in nanocarriers geformuleerd zijn en hoe deze na-
nomedicijnen verder getest zijn op tumorcellen en/of in experimentele diermodellen voor kanker. 
Dit overzicht laat zien dat er met een breed scala aan kinase remmers en targeting liganden gew-
erkt is, maar ook dat dit een onderzoeksveld is waar pas kort aan gewerkt wordt.

Hoofdstuk 3 behandelt verschillende types antilichamen die gebruikt kunnen worden om 
nanocarriers naar kankercellen te sturen, de hierboven genoemde actieve targeting strategie. 
Antilichamen zijn eiwitten die door ons immuunsysteem aangemaakt worden tijdens de 
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afweerrespons tegen bijvoorbeeld bacteriële infecties. Middels recombinant-eiwit expressie 
technologie kunnen antilichamen ook als therapeutische eiwitten geproduceerd worden. 
Nanobodies zijn een speciaal type antilichaam en zijn –zoals de naam suggereert- veel kleiner 
dan gewone antilichamen (het molecuulgewicht is ongeveer 10x lager). Nanobodies zijn afgeleid 
van antilichamen die in het bloed van kamelen en lama’s ontdekt zijn, zogeheten “single-chain 
antilichamen”. Nanobodies hebben een aantal eigenschappen die hen zeer geschikt maken voor 
recombinante productie, zoals stabiliteit en de mogelijkheid om het eiwit te produceren met 
bacteriële systemen. Het literatuur overzicht in dit hoofdstuk gaat met name in op nanocarriers 
de gemodificeerd zijn met antilichamen of nanobodies gericht tegen de epidermal growth factor 
receptor (EGFR), één van de groeifactor receptoren die verhoogd tot expressie worden gebracht 
in kankercellen.

In de hierna volgende hoofdstukken wordt gebruik gemaakt van albumine nanodeeltjes voor 
het gericht sturen van geneesmiddelen naar kankercellen. Albumine is het meest voorkomende 
eiwit in het bloed en is zeer geschikt als geneesmiddeldrager. Hoofdstuk 4 van dit proefschrift 
beschrijft hoe albumine tot nanodeeltjes verwerkt kan worden en hoe deze nanodeeltjes verder 
voorzien kunnen worden van nanobodies die tegen de EGFR receptor gericht zijn. We hebben 
albumine nanodeeltjes gemaakt met een gemiddelde diameter van ongeveer 100 nm, en deze 
deeltjes verder beladen met een kinase remmer die proliferatie van kankercellen remt. De 
nanobody-getargete nanodeeltjes zijn getest op hoofd- en hals kanker cellen (14C cellen), waarbij 
we gekeken hebben naar de binding aan kankercellen, de opname en afbraak van de nanodeeltjes 
in de cel, en het effect van de afgeleverde kinase remmer op de overleving van 14C kankercellen.

Hepatocyte growth factor receptor (HGFR, ook bekend onder de naam c-MET) is een andere 
groeifactor receptor die een belangrijke rol speelt in kanker. De activatie van deze receptor 
speelt met name een rol in de migratie van cellen en dit kan -in het geval van kanker- leiden tot 
metastases. Het blokkeren van c-MET is daarom een geschikte strategie in kanker. In hoofdstuk 
5 beschrijven we de selectie van een nieuw nanobody tegen c-MET met een hoge affiniteit. 
Daarnaast laten we zien dat dit nanobody aan albumine nanodeeltjes gekoppeld kan worden en 
dat deze nanocarriers gebruikt kunnen worden voor het gericht sturen van geneesmiddelen naar 
kankercellen die c-MET tot expressie brengen. 

Nanodeeltjes die via het EPR effect in een tumor accumuleren worden intraveneus toegediend. 
Het is daarom belangrijk dat nanodeeltjes geen ongewenste reacties vertonen met bloedcellen 
zoals bijvoorbeeld bloedplaatjes. Activatie van bloedplaatjes door nanocarriers zal zeer snel 
leiden tot trombose, en daarmee de therapeutische toepassing van een nanocarrier belemmeren. 
In hoofdstuk 6 laten we zien dat albumine nanodeeltjes geen ongewenste effecten hebben op 
geïsoleerde bloedplaatjes.
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Hoofdstuk 7 laat de resultaten zien van een orgaan distributie studie met albumine nanodeeltjes  
in tumor dragende muizen. Zowel albumine nanodeeltjes als gewoon albumine werden hiervoor 
gelabeld met fluorescente stoffen die het mogelijk maken om de albumines te volgen met een 
near-infrared camera en een fluorescentie microscoop. Deze studie heeft aangetoond dat 
albumine nanodeeltjes vooral in de lever accumuleren, en dat de accumulatie in de tumor nog 
beperkt is door hun korte circulatietijd.

Dit proefschrift wordt afgesloten met een samenvatting en discussie (Hoofdstuk 8).
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1. Kullanılagelmiş kanser tedavisi 

Kanser günümüzde hala dünyadaki ölümlerin başta gelen sebeplerinden biri. Kanser hücreleri 
normal hücrelerle hem farklı hem de benzer özelliklere sahip, bu da normal hücrelere zarar 
vermeden kanser hücrelerini yok etmeyi oldukça zorlaştırıyor. Benzerlikler, hücre içerisindeki 
bölünme ve çoğalma gibi fonksiyonların ortak olmasından; farklılıklar da bu fonksiyonlarin kontrol 
dışına çıkmasından kaynaklanmaktadir. Kullanılagelmiş kanser tedavi yöntemleri, kanser hücrelerinin 
devamlı bir bölünme içerisinde olduğunu varsayarak, onların bölünme kabiliyetlerini durdurma 
mekanizması üzerine çalışmaktadır. Fakat kanser hücreleri gibi hızlı bölünen normal hücreler 
(saç ve sindirim sistemi hücreleri) de bu tedavi yönteminden eşit oranda zarar görmektedirler. 
Kanser hücrelerindeki, örneğin büyüme hormonlarını alıcı reseptörlerin mutasyona uğraması, bu 
hücrelerin coğalma ve büyüme gibi fonksiyonlarını daha verimli hale getirmesinin yanında onların 
normal hücrelerde görülen programlanmış ölüm mekanizmalarına direnç göstermelerine sebep 
olmaktadır. Bu reseptörler aynı zamanda kanser hücrelerinin tanınmasını kolaylaştırmakta ve 
dolayısıyla kanser ilaçları için çekici bir hedef olmaktadırlar. Bu sınıf kanser ilaçlarını kullanan tedavi 
yöntemlerine “molekülleri hedef alan tedaviler” denmektedir ve geleneksel kanser ilaçlarından 
daha spesifik özelliklere sahiptirler. Tirozin kinaz inhibitörleri (TKI) ve antikorlar bu grup içerisine 
giren ilaçlardan bir kaçıdır.

2. Tümörlü ve normal dokunun farklılıkları

Kanserli dokunun patofizyolojisini normal dokulardan farklı kılan bir kaç temel özellik vardır.  
Kan damarlarının gözenekli bir yapıya sahip olması ve lenf sisteminin dokuda biriken fizyolojik 
maddeleri dolaşıma düzgün bir şekilde geri verememesi bunlara örnek olarak verilebilir. Bu iki 
durumun birarada görülmesi tümörlü dokunun kandan gelen maddelere (ilaçlar dahil) daha geçirgen 
olmasına ve içeri giren maddelerin orada birikmesine sebep olmaktadır. Buna kısaca “EPR etkisi” 
denmektedir.  Bu tezin temelini oluşturan “Nano-ilaç” alanı, tümörlü dokudaki bu EPR etkisinden 
faydalanarak kanseri teşhis ve tedavi etmeyi hedef almaktadır. Nano-ilaç, basit anlamda, nano 
ebattaki ilaç taşıyıcı partiküller anlamına gelmektedir. Amaç, ilacın vücut içindeki dolaşımı boyunca 
normal dokulara dağılmasını engellemektir. Bu partiküller kan damarlarını kolayca geçemezler 
dolayısıyla normal dokulara nüfus etmeleri kolay değildir. Fakat, tümör dokusunun yapısı gereği, 
buradaki gözenekli damarlardan, ebatları elverdiği sürece, içeri girebilirler ve düzgün işlemeyen 
lenf sistemi nedeniyle tümörlü dokuda birikime uğrarlar. Nano-ilaçların tümörde birikimine “pasif 
akümülasyon” denir. Pasif akümülasyon gerçekleştikten sonra partiküllerin kanserli hücrelerin içine 
girmesine ise “aktif akümülasyon” denir. Aktif akümülasyonu gerçekleştirecek partiküllerin elde 
edilmesi çesitli şekillerde olabilir. Bu tezde adı geçen metodlardan biri kanserli hücre yüzeyindeki 
reseptörleri tanıyıcı antikorların partikül yüzeyine bağlanmasıdır. Bu antikorlar, (Nanobody’ler) 
ilk defa develerin kanında keşfedilmiştir ve insanlarda görülen antikorlardan moleküler ağırlık 
bakımından 10 kat daha küçüktür. Rekombinant yöntemler sayesinde bugün, E.coli bakterisinde 
veya mayalarda üretilebilmektedirler. 
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Bu tezin dördüncü ve beşinci unitesi, yüzeyi nanobody’ler ile zenginleştirilmiş albumin 
nanopartiküllerinin kanserli hücrelerin yok edilmesinde nasıl kullanılabileceğini gösteren datalardan 
oluşmaktadır. Altıncı ünite, bu partiküllerin kan ile etkileşiminin herhangi bir yan etkisinin olmadığını 
göstermektedir. Yedinci unite, farelere enjekte edilen bu partiküllerin çoğunlukla karaciğerde 
birikime uğradığını göstermektedir. 4. ve 5. ünitelerde kanserli hücrelerin içine başarıyla girip bu 
hücrelerin ölümüne sebep olan bu partiküller faredeki vücut dağılımı itibarıyla kanserli dokuya 
istenilen düzeyde nüfus edememiştir. Bu tez, hücre seviyesinde partiküllerin nasıl davrandığını 
açık bir şekilde gösterirken, farelerdeki kısa vücut dolaşımı itibarıyla, tümörlü dokuda nasıl 
davrandıklarına dair açık bir bilgi vermemektedir. Fakat, nano-ilaç alanında bu oldukça sık rastlanan 
bir durumdur ve bu konudaki araştırmaların artması ile bu sorunun çözüleceğine şüphem yok. 
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had and the sunny Sunday at the park, hope to show you around in Den Haag as well, take care 
and wish you all the best. I would also like to thank Felix Gremse for his computational analysis 
in Chapter 7. They are so cool images. 

And Steffen, I never forget a quote from Bill Gates, he said “Be nice to nerds. Chances are you’ll 
end up working with one”. And thats how I met you... 
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Ve sonsözüm değerli aileme. Bu kitabın oluşumuna dolaylı yoldan çok büyük katkınız oldu. Bu 
sebepten, kitabımı size armağan ediyorum. Size derken, 
Biricik teyzelerime, gülücüklerini ve gülümsememi hiç eksik etmedikleri için, 

Canım ablama, minik turşuma, ablaların en mükemmeli, harikası, şahanesi olduğu için,

Ali abime, bu güzel kapağı son haline getirdiği için,

Ve en çok da anne ve babama, beni gece gündüz demeden düşündüğünüz için ve tüm emekleriniz 
için.


