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Introduction 
 
Tracking fate and function of specific cell types by molecular imaging methods is of great importance 
for basic research and holds the potential to be clinically applied for initial diagnosis as well as the 
monitoring of subsequent pharmacological treatment. Key applications include visualization of the 
destiny of transplanted stem cells for regenerative therapies [1-6] or dendritic cells for cancer 
immunotherapy [7,8]. Furthermore, imaging of immune cells has received increasing attention over the 
last decades, since it has become clear that inflammation plays a major role in many diseases. In this 
context, macrophages emerged as an attractive target, because these cells are key effectors of both 
the progression and resolution of inflammation [9-14]. However, direct monitoring of these cells by 
non-invasive imaging methods requires labelling of these cells with contrast agents or genetic 
modifications (expression of reporter genes like GFP or luciferase) independent of which modality is 
used. Recently, optical techniques, bioluminescence, PET (positron emission tomography), SPECT 
(single photon emission computer tomography) or MRI (magnetic resonance imaging) have successfully 
been applied to visualize labelled macrophages at inflammatory sites [15]. Nevertheless, optical 
techniques and bioluminescence are not suitable for high resolution cell tracking, since these 
techniques – although very sensitive and specific – can not resolve the localization of labelled cells 
within an heterogeneous inner organ. SPECT/CT and PET/CT display an excellent contrast but require 
the administration of radioactive agents and the exposition to high doses of X-ray radiation. On the 
other hand, MRI displays high spatial resolution and superior contrast between soft tissues without the 
need for radioactivity or X-rays. 

Imaging of macrophage immigration by MRI has so far been predominantly performed by use of iron 
oxide-based nanoparticles (SPIO = superparamagnetic iron oxide; USPIO ultrasmall superparamagnetic 
iron oxide) [16,17]. After intravenous (i.v.) administration, these particles are taken up by monocytes 
and macrophages and lead to a signal depletion in 1H MRI upon infiltration of the labelled cells into the 
inflamed area [18]. However, interpretation of iron-oxide nanoparticle induced 1H signal erasure is 
sometimes difficult, since susceptibility artefacts especially in the boundary zone between different 
tissues can also result in signal deprivation and therefore lead to misinterpretation. In addition, the 
iron-oxide nanoparticle deposition yields to the loss of precise anatomical information and absolute 
quantification is hampered because there is no linear relationship between signal depletion and iron-
oxide content.  

As an alternative emulsified perfluorocarbons (PFCs) – containing the stable fluorine isotope 19F – 
recently emerged as promising contrast agents for cell tracking by 1H/19F MRI combining the 
anatomical information (1H MRI) and the localization of 19F-labelled target cells Similar to other 
nanoparticles, PFC nanoemulsions (PFC-NE) are phagocytosed by monocytes and macrophages after i.v. 
injection. PFC-labelled cells subsequently migrate into the inflamed area resulting in a local deposition 
of 19F nuclei [19,20] (Figure 10.1). Due to the lack of any natural 19F background in the body, detected 
19F signals show a high degree of specificity [21], while its sensitivity is close to that of the 1H nucleus. 
After merging anatomical 1H and cell-tracking 19F images the exact anatomical location of the 19F hot 
spot can be precisely determined (Figure 10.1). In particular for inflammation imaging this technique 
has been validated so far in a variety of disease models by several groups (Figure 10.1, lower panel) 
[19,22-33]. 

Although 19F MRI is a promising tool for cell tracking and inflammation imaging, sensitivity is a critical 
concern. 19F MRI requires several hundreds to thousands of labelled cells per voxel for detection [19-
21,34]. On the other hand, increasing the 19F load per cell by improving the phagocytic uptake of PFC 
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particles by monocytes/macrophages (or other cells) in vivo would significantly improve the detection 
limit of the 19F MRI technique. However, this is currently hampered by the massive uptake of 
“conventional” PFC emulsions by the reticuloendothelial system (RES). After i.v. application, PFC 
nanoemulsion particles are coated by serum proteins, which not only enhance their uptake by blood 
monocytes, but also cause their fast removal from the circulation by the RES. Thus, the large fraction of 
PFC particles absorbed by the RES strongly obstructs an efficient loading of monocytes in the blood and 
limits the sensitivity of the 19F MRI approach. Since the major determinants of nanoparticle uptake by 
phagocytotic cells are size and surface properties, we aimed at modifying these characteristics to 
increase the efficiency and specificity of PFC uptake by distinct cell types.  

 
 
FIGURE 10.1  
Principle of 19F MRI inflammation imaging. Perfluorocarbons are emulsified to generate PFC-NE which can be 
injected intravenously. Emulsified particles are taken up by blood monocytes which immigrate into the inflamed 
area resulting in a localized 19F signal. Merging of the anatomical 1H grey scale image and the corresponding 19F 
signal (red) reveals the exact anatomical position of infiltrated cells and thereby the inflamed area. This technique 
has been validated in a variety of clinically relevant disease models. Reprinted with permission from references 
[19,24-26,30] 
 
 

Generation of stable PFC nanoemulsions with defined size 
 
Perfluorocarbons are not mixible with water, therefore PFCs have to be dispersed in water or a 
physiological buffer system by the use of an emulsifying agent and energy input. As emulsifying 
compounds, lipids or poloxamers can be used to generate the PFC-NE by extrusion, ultrasound or high 
pressure homogenization. Nanoemulsions for parenteral application (e.g. labelling of immune cells) 
have to withstand heat sterilization or have to be produced under aseptic conditions. The droplet size 
of PFC-NE are preferentially of small dimensions (<200 nm), but depending of the nature of PFC, 
emulsifier and preparation technique, they are characterized by varying size distribution. To analyze 
the properties of PFC-NE photon correlation spectroscopy (PCS) or electron microscopy are routinely 
used. PCS yields the average hydrodynamic diameter and the polydispersity index (PI or PDI) that 
describes the size distribution. However, this method is limited to dispersions with a rather narrow size 
distribution [35]. 
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Perfluorocarbons suited for 19F MRI 

 
PFCs are synthetic organic molecules where all hydrogen atoms have been replaced by fluorine atoms. 
The C-F- and C-C-bonds are exceptionally strong and the electronegativity of fluorine results in weak 
intermolecular forces as well as hydrophobic and lipophobic properties [36]. No enzyme is known to 
split PFCs and no biological PFC degradation pathway has been reported up to now. PFCs are therefore 
regarded as non-toxic, biochemically inert compounds. PFCs usually display a large density of about 2 
g/ml [37]. They show a high dissolution capacity for gases and were intensely investigated as oxygen 
carriers in the 1960s [38]. In the following decades a multitude of nanoemulsions have been developed 
for the use as blood substitutes but also as medical contrast agents, but none has been established on 
the market. Among the problems encountered with PFC-NE were insufficient size stability upon 
storage, activation of the complement system or other safety and stability concerns [39]. 

For MRI purposes, the most widely used PFCs are perfluoro-15-crown-5 ether (PFCE), perfluorooctyl 
bromide (PFOB) and perfluorodecaline (PFD), whose chemical structures are shown in Figure 10.2. Due 
to its 20 chemically and magnetically equivalent fluorine nuclei, PFCE is characterized by a single MR 
resonance and therefore has ideal properties for MR imaging techniques, but it exhibits an extremely 
long biological half-life and is therefore not suitable for clinical applications [37]. PFD and PFOB have 
short biological half-lives but cannot be imaged by conventional methods without artefacts [40]. Of 
note, PFOB has a terminal bromine that alters its chemical behavior to slightly lipophilic, thus 
simplifying the manufacture of stable nanoemulsions and facilitating its passage over membrane 
barriers which contributes to its quick release from the body. Perfluorohexyloctane (F6H8) represents 
the class of mixed hydrocarbon-fluorocarbons, or semifluorinated alkanes. Although, it has not yet 
been used for MR imaging, it is an interesting candidate, since it is already clinically approved as long-
term tamponade in complicated retinal detachments and as an intraoperative instrument for retinal 
surgery. Another important property is it its significantly lower density (1.35 g/ml) compared to the 
perfluorocarbons. 

 

FIGURE 10.2  
Perfluorocarbons for the generation of PFC-NE. Chemical structures of different PFCs which can be used for the 
generation of PFC-NE. PFCE has 20 chemically and magnetically equivalent fluorine atoms which makes it ideally 
suitable for conventional 19F MRI but has a very long tissue retention time. PFD and PFOB are characterized by a 
short biological half-life but exhibit complex spectra requiring dedicated imaging sequences [40]. F6H8 is a 
semifluorinated alkane which has not yet been used for MR imaging   
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Emulsifiers and nanoemulsions  

 
For later pharmaceutical approval, the emulsifiers should already be certificated for i.v. application. 
With regard to this, both phospholipids and poloxamers are validated substances. Phospholipids are 
naturally occuring reagents and show a good biocompatibility. They can be produced cost efficiently 
from well known sources, like egg yolk or soy bean. Phospholipids easily form nanoemulsions with 
PFCs, but are prone to hydrolysis and oxidation – factors that limit the stability of NE particles. 
However, the main disadvantage of phospholipids is the additional formation of “empty” liposomes. 
Liposomes do not contain any PFCs and impair the stability of the nanoemulsion. Poloxamers are block 
polymers of an A-B-A type, poly(ethylenglycol)-poly(propylenglycol)-poly(ethylenglycol). Poloxamers 
can be produced in large scale, but due to their relative low surface activity they must be used in higher 
amounts and tend to form highly viscous dispersions. Another important disadvantage is a possible 
activation of the complement system [41]. In our hands, phosholipids are superior to poloxamers for 
the generation of PFC-NE. 
 
Manufacturing perfluorocarbon nanoemulsions (PFC-NE) 

 
Because of the quite different physical and chemical properties of the starting ingredients, high energy 
inputs are required for the formation of PFC-NE and to reach a fine dispersion of the PFC in aqueous 
solutions. This can be achieved by high pressure homogenization, sonication or extrusion. In all cases, 
as a first step a crude emulsion (µm size) is produced by means of high shear mixing. Sonication is 
limited to small scale production whereas bigger scales of several 100 ml can be produced with 
extrusion. Both methods usually lead to a high content of liposomes and NE droplets of a wide size 
distribution. The most suitable way to manufacture PFC-NE with a low liposome content and 
acceptable size distribution is high pressure homogenization which can be scaled up to large industrial 
magnitudes. 
 
High pressure homogenization for the generation of PFC-NE with different size 

 
To generate PFC emulsion particles with different average size, we altered the ratio of the PFC (F6H8, 
PFD and PFOB were tested) and phospholipid (here S75; S = soy) – the higher the PFC amount, the 
larger the particles. This is because less emulsifier is available to stabilize the inner PFC phase. The 
preformed rough emulsions are then subjected to high pressure homogenization (e.g. Avestin, 
Emulsiflex C5). By passing a narrow valve, pressures up to 1500 bar are created that disrupt the µm size 
droplets of the crude emulsion. Droplet size decreases each time the emulsion passes the valve. By 
modifying the ratio of PFC and S75 in the range of 1 to 50, particles with a mean diameter of 100 to 300 
nm can be generated (Figure 10.3). However, these preparations show a varying size distribution with a 
polydispersity index (PDI) between 0.46 and 0.1 (data not shown). Although differences between 
individual PFCs were observed, this technique seems to be suitable for all PFCs investigated and also be 
applicable for other PFCs.  
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FIGURE 10.3  
Dependence of PFC-NE size from PFC/emulsifier ratio. PFC emulsions were prepared by altering the ratio of 
emulsifier and perfluorocarbon (PFD, F6H8, PFOB) and subsequent high pressure homogenization (700 bar, 10 
cycles) 
 
Removal of liposomes from perflurocarbon nanoemulsions 

 
Liposomes do not contain PFCs but compete with PFC-NE droplets for cellular uptake leading to a 
decreased 19F loading of target cells and thereby to a loss of sensitivity for in vivo cell tracking. Since 
PFC-NE have a high density, we separated NE droplets from liposomes by repeated centrifugation, e.g. 
25 min at 13,000 g for three times. Figure 10.4 shows electron microscopic images of a PFC-NE before 
centrifugation (left) as well as the resuspended pellet (right) and the supernatant (middle) after 
centrifugation. On the left, empty liposomes can clearly be recognized, which were almost completely 
removed upon repeated centrifugation (right). The pictures also show that PFC nanoemulsions are 
usually characterized by particles of varying size. The mean diameter and the obtained size distribution 
depend on the emulsifier, the homogenization process (pressure and cycles) as well as on the PFC used 
and its percentage (see above).  

 
FIGURE 10.4  
Removal of liposomes by repeated centrifugation. Electron microscopy of PFC emulsion before and after 
centrifugation (3 times 13,000 g) as well as of supernatant after the first centrifugation step. The arrow indicates 
liposomes without PFC content. NE droplets appear dark because of their PFC load, while empty liposomes are 
bright 
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Stability of PFC nanoemulsions 

 
Stability is a critical issue for the manufacturing of PFC-NE. At higher temperatures, coalescence, i.e. 
the irreversible fusion of two or more droplets to a bigger one, is the main mechanism of instability. 
Over a longer storage period molecular diffusion, also called Ostwald Ripening, triggers the irreversible 
growth of a droplet, at the expense of the smaller ones. Molecular diffusion can be diminished by the 
addition of a PFC homologue of lower water solubility, e.g. admixing of small amounts of 
perfluorodecyl bromide to perfluorooctyl bromide before homogenization [42]. Another method to 
obtain more stable nanoemulsions is to incorporate semifluorinated alkanes as co-surfactants which 
generate a stabilizing bridge beween lipids and PFCs [41]. Furthermore, type of PFC and emulsifier as 
well as the ratio of both components are factors that critically affect emulsion stability. Of note, the 
properties of the aqueous phase also impact on stability, since phospholipids hydrolyze more easily at 
elevated pH values and oxidation occurs already at trace amounts of metals. The latter could be 
avoided by incorporation of metal chelators like EDTA and antioxidants (i.e. tocopherol), but this would 
hamper the biocompatibility of the emulsion. However, PFC-NE should always be prepared with a 
degased buffer to prevent oxygen in the formulation. Nevertheless, when stored at 4 °C we observed 
properly prepared PFC-NE to be quite stable even without any additives. Figure 10.5 shows excellent 
stability for all tested nanoemulsions except for those with a low amount of phospholipid (e.g. PFOB 
emulsified with 15.8 mM S75). 
 

 

FIGURE 10.5 Long-term stability of different PFC-NE. Stability of F6H8-NE (40% PFC), PFD-NE (20% PFC) and PFOB-
NE (20% PFC). ▲= 15.8 mM S75, ■= 31.6 mM S75, ♦ = 47.4 mM S75 
 
Size exclusion chromatography (SEC) 
 
The uptake of nanoparticles by phagocytic cells is critically dependent on their respective size. Thus, 
development of a nanoemulsion should focus on droplets with a well defined size, i.e. with a narrow 
size distribution. Otherwise, contaminations with droplets of large size that are taken up more 
efficiently and/or carry a higher PFC load may affect both the specificity and quantity of the PFC label. 
As can be derived from Figure 10.4, PFC-NE generated by use of phospholipids usually show a broad 
size distribution – a problem which cannot be overcome by the conventional manufacturing process. 
However, the formation of defined PFC-NE is feasible by combining centrifugation (see above) with size 
exclusion chromatography (SEC). Figure 10.6 shows that we were able to successfully separate well 
defined fractions of a PFD emulsion via a Toyopearl HW-75S column. Fraction collection in custom 
intervals (Figure 10.6A) enabled the isolation of distinct PFC-NE with different sizes and a very narrow 
size distribution (PDI of 0.07 after SEC; Figure 10.6B). 
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FIGURE 10.6  
Isolation of SEC fractions with defined size and very low PDI. A) Fraction collection leads to PFC-NE of defined size. 
B) Electron microscopy of PFC emulsion before and after size exclusion chromatography (SEC). PFCs are displayed 
with average size of 187 nm and a polydispersity index (PDI) of 0.14 (before SEC) and a size of 180 nm and a PDI of 
0.07 (after SEC) 
 
 

Uptake of PFC Nanoemulsions by Macrophages  
 
Surface characteristics [43], geometry [44] and size [45] are the most important factors which 
determine nanoparticle uptake by phagocytes (and other cells). In general, larger particles are taken up 
more efficiently by phagocytes than smaller ones, which has been primarily demonstrated by in vitro 
uptake investigations with latex beads of distinct sizes. However, almost no systematic studies have 
been carried out on the dependence of cellular PFC-NE incorporation from particle size, most likely due 
to the difficulties that occur in producing these NE with a narrow size distribution. 

Size and concentration dependent uptake  
 

To investigate the cellular uptake of PFC-NE with different size the murine peritoneal macrophage cell 
line J774.A1 was used, which is an established model for primary macrophages [45]. For analysis of 
uptake, cells were incubated under defined conditions (100,000 cells, 500 µl medium, 2 h, 37 °C) with 
rhodamine-labelled PFD nanoemulsions of distinct particle size (generated with SEC; see previous 
section) and nanodroplet incorporation was quantifed by flow cytometry via their rhodamine signal. As 
shown in Figure 10.7A, the uptake of PFC nanoparticles by this cell type rises with increasing size. 
Interestingly, a sigmoid curve was observed for the size-dependent particle uptake by J774.A1 
macrophages. Particles smaller than 200 nm were phagocytosed only to a minor amount. However, the 
uptake steeply increases for particles larger than 200 nm in diameter and reaches a plateau for PFC 
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particles bigger than 300 nm. These findings confirm that uptake of PFC-NE by macrophages can be 
governed by the particle size, which thus can be used as a passive targeting strategy. 

In a further step, we investigated whether besides size also the concentration of the nanoemulsion 
impacts on PFC uptake by J774.A1 macrophages. Again, cells were incubated under strictly defined 
conditions (see above) with rhodamine-labelled NE fractions of three different sizes and stepwise 
increasing concentrations. Subsequent quantification of the fluorescence signal by flow cytometry 
showed that for all individual preparations droplet incorporation followed an exponential increase with 
varying slope depending on particle size. As can be seen in Figure 10.7B, 180-nm nanodroplets exhibit a 
maximum uptake of about 60% positive cells. The EC50 (half-maximal effective concentration) value for 
this size was determined to be 170 nmol. Particles with a diameter of 239 nm led to about 80% positive 
cells and an EC50 value of 80 nmol, whereas particles with a size of 345 nm showed a further increased 
uptake to ~ 90% PFC-loaded cells and an EC50 value of 10-20 nmol (Figure 10.7B).  

Taken together these experiments demonstrate that the incorporation of PFC-NE by macrophages can 
be manipulated by both size and concentration. 

 
 
FIGURE 10.7  
Dependence of PFC nanoparticle uptake from size and concentration: A) Uptake of PFC emulsion particles of 
different size by J774.A1 macrophages, 150 nmol droplets per 100,000 cells. B) Concentration-dependent uptake 
of PFC emulsion by J774.A1 cells. All data are given as mean values ± SD from n=3-4 independent experiments  
 
 

Site-specific delivery of Perfluorocarbon Nanoemulsions 
 
The “passive” uptake of PFC-NE (generated as described above) by cells of the innate immune system 
can be easily exploited to identify inflamed tissues by 19F MRI detection of infiltrated, PFC-loaded 
immune cells (see introduction). A more specific targeting of PFC-NE is required to visualize cells which 
under normal conditions are labelled only to a low extent (e.g. B-cells) or which are not labelled at all 



Nanomedicine  277 

by PFC-NE (like T-cells or platelets). To this end, the surface of the NE has to be equipped with a site-
specific antigen that directs it to its target [46]. At the same time the normal “passive” phagocytosis of 
those particles must be prevented to enhance sensitivity and ensure specificity of the detected 19F 
signal.  

PEGylation of PFC-NE to reduce phagocytic uptake 

 
After intravenous injection, nanoparticles are coated by serum proteins (so-called opsonisation) which 
facilitates the uptake by immune cells. A well-known procedure to impair the attachment of serum 
proteins to nanoparticles is the coupling of polyethyleneglycol (PEG) to their surface. PEGylation has 
been applied to a variety of nanoparticles to reduce opsonization and to delay their clearance from the 
bloodstream [47]. Interestingly, PEGylated nanoparticles have already been used for tumor imaging, in 
that the extended persistence in the circulation prolongs the temporal window for passive diffusion 
through leaky endothelium which leads to an increased deposition of nanoparticles at the tumor site 
[48,49]. 

For liposomes or nanoemulsions, usually a PEG-modified phospholipid (e.g. distearoylglycero-
phosphoethanolamine-methoxy-PEG) is incorporated during the homogenization process. However, we 
used a post-insertion attempt in which the nanoemulsion is modified with a sterol-PEG after its 
preparation. Sterol-PEGs can easily be inserted into the preformed phospholipid layer of the 
nanoemulsion and have been previously used to modify liposomes [50]. To verify whether sterol-
PEGylation also leads to a stealth effect for our PFC-NE, a PFD-NE with a size of 229 nm (PDI 0.21) was 
prepared and modified with different amounts of a sterol-PEG1300. Afterwards, the cellular uptake of 
rhodamine-labelled PFC-NE and PFC-PEG-NE particles was compared by flow cytometry. Figure 10.8A 
demonstrates that after 2 h of incubation at 37 °C unmodified nanoparticles (“blank”) were internalized 
by 85% of the cells, while PEGylation decreased this value to 10% (for 5 mol% PEG) and 2% (for 10 
mol% PEG), respectively. Importantly, PEGylation also strongly reduced cellular uptake of PFC 
nanoemulsions with larger droplet size: When 5 mol% sterol-PEG1300 was inserted into PFC particles 
with a mean diameter of 320 nm and a PDI of 0.13, the cellular uptake of this preparation was 
diminished to about 2% (data not shown). 

In a next step, we analyzed whether PEGylation of PFC nanoparticles also impacts on the phagocytosis 
by the reticuloendothelial system in vivo. For this, the biodistribution of the 19F signal in murine blood, 
spleen, and liver was monitored by 19F MRI starting 30 min after PFC application up to 4 h after 
injection. A chemical shift imaging (CSI) technique was applied for artefact-free detection of the used 
PFOB-NE [40]. Figure 10.8B shows representative images acquired in two separate experiments when 
animals where exposed to PEGylated (bottom) and non-PEGylated (top) emulsions, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 



Nanomedicine  278 

 
FIGURE 10.8  
Impact of PEGylation on PFC uptake in vitro and in vivo 
A) PEGylation reduces cellular uptake by J774.A1 cells. J774.A1 cells were incubated with rhodamine-labelled 
PEGylated and non-PEGylated PFC emulsion particles for 2 h and analyzed by flow cytometry. B) Representative 
images displaying the 19F signal of PEGylated (bottom) and non-PEGylated (top) droplets in liver (right) and spleen 
(left) 30 min after injection. Arrows point to location of the spleen; asterisks indicate the position of blood vessels 
(i.e. abdominal aorta and vena cava inverior). 100 µl of PFOB emulsion were injected into the tail vein and 
subsequently analyzed by 1H/19F MRI 
 

Although the 19F signal in the blood (asterisks) was similar for both preparations 30 min after injection, 
the fluorine signal of PEGylated nanoemulsions was hardly detectable in liver and strongly reduced in 
the spleen (arrows) as compared to non-PEGylated emulsions. Quantification of the data revealed a 
significant retarded uptake of PEGylated droplets by liver and spleen compared to non-PEGylated 
nanoemulsions at this time (n=3, P<0.05). Two hours post injection, the signal in the liver was still 3.5-
fold higher for non-PEGylated nanoemulsions. Interestingly, the 19F signal-to-noise ratio (SNR) in the 
blood showed the largest difference between PEGylated and non-PEGylated PFCs after 2 h, with a 1.5-
fold higher SNR for PEGylated PFCs. However, 4 h after injection the 19F signal in the blood was similar 
for the two PFC emulsions and deposition of PEGylated PFCs was slightly elevated in spleen but much 
higher in liver compared to non-PEGylated nanoemulsions. After 24 h both emulsions were fully 
cleared from blood, and the 19F signal in liver and spleen was identical between PEGylated and non-
PEGylated emulsions (data not shown).  

Altogether, the data show that sterol-PEGylation of PFC-NE almost abolishes the cellular uptake by 
J774.A1 macrophages in vitro and delays the deposition of 19F in liver and spleen in vivo. However, 
several hours after injection the 19F content in liver and spleen were slightly elevated compared to non-
PEGylated nanoemulsion droplets, which can be explained by the longer circulation of the PEGylated 
nanoparticles [51]. The fact that PEGylation delays but does not totally inhibit the PFC uptake by liver 
and spleen can be related to the decreased kinetics of serum protein adsorption to the PEGylated PFC 
nanoparticles which usually would facilitate their removal from the bloodstream and diminish the 
contact time between particles and these organs.  
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Antibody-mediated active targeting of PFC-NE 

 
For site-specific targeting of nanocarriers, ligands are coupled to the particle surface, which are mostly 
either of peptidic nature or small organic molecules, although other structures are possible as well. For 
PFC-NE a targeting via antibodies [52], RGD peptide [53] or folate [54] has been reported. In the 
following, we extend the sterol-PEGylation of preformed PFC-NE (described above) to generate cell-
type-specific contrast agents. In a first step, as a proof-of-concept we “rescued” the particle uptake 
capability of macrophages for PEGylated PFC-NE by coupling of an antibody directed against the 
scavenger receptor A. In another model, we modified PFC-NE with a single chain antibody for the 
activated gpIIb/IIIa receptor to direct them specifically to activated platelets which under normal 
conditions do not exhibit any affinity towards PFC nanoparticles. 

For coupling of ligands to the PFC-NE, we synthesized sterol-PEGs with a reactive N-hydroxysuccinimide 
group (NHS) at the distal end of the PEG-chain, yielding a sterol-PEG-NHS-reagent. Anti-CD204 antibody 
(raised against scavenger receptor A) can easily be attached to this construct via covalent linking of 
amine groups to the NHS-group. The sterol-PEG-antibody is subsequently inserted into the 
phospholipid monolayer of the PFC-NE. As untargeted control, neat sterol-PEG-NEs were used. Figure 
10.9 summarizes the data which were obtained after incubation of J774.A1 macrophages with the 
different rhodamine-labelled PFC-NEs. While the unmodified PEGylated nanemulsion (“PEG”) was again 
taken up only by a minority of the cells, the anti-CD204 targeted emulsion (“CD204Ab”) was 
internalized by approximately 80% of the J774.A1 macrophages. 

In the next step, we aimed at targeting activated platelets as key players in plaque rupture. Early and 
non-invasive detection of platelets on micro-atherothromboses would provide a means to identify 
unstable plaques and thereby allowing prophylactic treatment towards prevention of stroke or 
myocardial infarction. However, platelets are not known to exhibit any phagocytic properties which 
might be exploited for internalization of contrast agents enabling their tracking by molecular imaging 
methods in vivo. 

FIGURE 10. 9  
Specific uptake of PFC-NE by coupling of an anti-CD204 antibody. Bars represent mean values ± SD from n=3 
independent experiments 
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A promising option for selective direction of PFC-NE to this non-phagocytic target population seemed 
to be the coupling of antibodies raised against the activated gpIIb/IIIa receptor which is predominantly 
expressed on activated platelets. For this purpose, complete IgGs are not the first choice for in vivo 
applications, mainly because of their presence of the Fc-part which might result in recognition by Fc-
receptors on macrophages, B-cells, NK-cells or activation of the complement system as well as 
induction of adaptive immune responses. Therefore, we modified PFC-NE with the well-characterized 
single chain antibody LB24, which has already been successfully applied in vivo for detection of 
thrombii in mouse carotid-arteries using ultrasound [55]. Subsequently, we analyzed the cellular 
association of the modified, rhodamine-labelled PFC-NE to clon3 cells, which constitutively express the 
activated form of the gpIIb/IIIa receptor. As control, we used the non-specific single chain antibody 
LB46 and A5 cells, respectively, which do not express the activated form of the receptor. Figure 10.10 
shows that this targeting strategy resulted specifically in clon3 cells in an almost 10-fold increased 
uptake of LB24-coupled PFC-NE as compared to LB46-PFC-NE controls. 

In summary, these results demonstrate that sterol-PEGs with chemically reactive end groups can serve 
as versatile tools to (i) stealth preformed PFC-NE for rapid uptake by the reticuloendothelial system and 
(ii) equip them with site-specific ligands against cells or structures which normally could not be 
labelled. The described post-insertion technique offers the unique advantage that also antibodies or 
other thermodynamically less stable compounds could be coupled to the PFC-NE, which might be 
otherwise destroyed or at least modified by either high pressure homogenization or the subsequent 
autoclavation process for sterilization of the nanoparticles. 
 

 
 

 

FIGURE 10.10  
Specific targeting of PFC-NE against activated platelets. LB24 targeting to the activated gpIIb/IIIa 
receptor in clon3 cells (black bars). As control, the non-specific antibody LB46 and A5 cells (striped bars), 
which do not express the activated form of the receptor were used. Data represent mean values ± SD 
from n=3 independent experiments 
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Perspectives and Conclusions 
 
Since perfluorocarbons are non-toxic and can be emulsified with pharmaceutically approved 
phospholipids, obtained PFC-NE are promising contrast agents for (immune) cell tracking by 19F MRI in 
the clinical setting. 19F MRI in combination with intravenously administered emulsified PFCs has already 
been successfully applied for imaging of macrophage infiltration during myocardial and cerebral 
ischemia [19], lipopolysaccharide-induced lung injury [24], bacterial abscess formation [27] and 
collagen-induced arthritis [26]. This approach was also applied to monitor anti-inflammatory treatment 
during transplant rejection and collagen-induced arthritis [25,26]. A further step towards a clinical 
application has recently been made when it could be shown that PFCs with short biological half lives 
are suitable for inflammation imaging [40]. Although this approach is highly specific due to the lack of 
any 19F background in the body, sensitivity is a key concern. Several hundreds to thousand PFC-loaded 
cells are required in the area of interest for detection by 19F MRI [19,34]. Sensitivity is even more 
relevant for PFCs with short biological half live, since they display complex 19F spectra resulting in a loss 
of signal-to-noise during data acquisition and analysis compared to the ideal PFC for 19F MRI, i.e. 
perfluoro-15-crown-5 ether [34,40]. Therefore, an efficient direction of PFC particles to the target cell 
type is highly desirable, which is currently hampered by the massive uptake of conventional PFC 
emulsions by the reticuloendothelial system. 

Passive targeting to macrophages can be achieved by applying NE of distinct sizes. Formation of PFC-NE 
with different sizes revealed that particles <200 nm in diameter were less efficiently taken up by 
macrophages, while droplets with a diameter of >300 nm resulted in a massive increase in PFC uptake. 
Thus, we developed a protocol for the generation of distinct PFC emulsion particles with very narrow 
size distribution by modifying the ratio of perfluorocarbon/emusifier and subsequent fractionation by 
size exclusion chromatography. The dependency of the particle size from the PFC/emulsifier ratio is 
due to the alteration in total surface area to volume. However, there are limits for the smallest and 
largest particle sizes. The maximum size is determined by the amount of emulsifier which is sufficient 
to stabilize the dispersed phase. Further increases of the ratios will result in leakage of membrane 
curvature and instable particle preparations. Lowering the minimum size results in increased 
membrane curvature, which results in membrane stress. Therefore, further addition of the emulsifier 
will not decrease particle size but lead to the formation of micelles or liposomes. 

PEGylation of PFC emulsion particles nearly abolished the cellular uptake, which could be reconstituted 
by coupling of a specific antibody recognizing a specific scavenger receptor on macrophages. Thus, 
both site specific targeting and prevention of uptake by the reticuloendothelial system can be reached 
by modifying the nanoemulsions with a PEG-shield and equipping this with specific ligands. Of note, the 
described post-insertion technique can also be applied to antibodies or other thermodynamically 
unstable compounds, since the coupling is carried out after high pressure homogenization and 
autoclavation of PFC-NE.  

Although the present study has mainly focused on detecting specifically macrophages by 19F MRI, the 
strategy of optimizing PFC targeting may as well be useful for other cell populations as shown for the 
direction of PFC-NE to activated platelets. 19F MRI has been applied to detect stem cell homing [34], T-
cell infiltration [56,57] and migration of dendritic cells [58] after ex vivo labelling of these cells. 
Therefore, the presented approach might enable a specific tracking of these cells in vivo, too. In 
addition, our targeting technique could also improve ex vivo labelling of cells for subsequent 
transplantation, since distinct cells within a mixture of populations could be selected. Finally, the 
extended temporal window provided by the addition of PEG to the particles surface can be exploited to 
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specifically direct PFCs to cells or structures apart from both the reticuloendothelial system and 
monocytes/macrophages in vivo, which could strongly expand possible applications for 19F MRI.  
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