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Monodisperse small iron oxide nanoparticles functionalized with dendritic polyglycerol (dPG) or den-

dritic polyglycerol sulfate (dPGS) are prepared. They are highly stable in aqueous solutions as well as 

physiological media. In particular, oleic acid capped iron oxide particles (core diameter = 11±1 nm) were 10 

modified by a ligand exchange process in a one pot synthesis with dPG and dPGS bearing phosphonate as 

anchor groups. Dynamic light scattering measurements performed in water and different biological media 

demonstrate that the hydrodynamic diameter of the particles is only slightly increased by the ligand 

exchange process resulting in a final diameter of less than 30 nm and that the particles are stable in these 

media. It is also revealed by magnetic resonance studies that their magnetic relaxivity is reduced by the 15 

surface modification but it is still sufficient for high contrast magnetic resonance imaging (MRI). 

Additionally, incubation of dPGS functionalized iron oxide nanoparticles with human umbilical vein 

endothelial cells showed a 50% survival at 85 nM (concentration of nanoparticles). Surface plasmon 

resonance (SPR) studies demonstrate that the dPGS functionalized iron oxide nanoparticles inhibit L-

selectin ligand binding whereas the particles containing only dPG do not show this effect. Experiments in 20 

a flow chamber with human myelogenous leukemia cells confirmed L-selectin inhibition of the dPGS 

functionalized iron oxide nanoparticles and with that the L-selectin mediated leukocyte adhesion. These 

results indicate that dPGS functionalized iron oxide nanoparticles are a promising contrast agent for 

inflamed tissue probed by MRI.  

Introduction 25 

Magnetic nanoparticles, especially iron oxide particles in the size 

regime of 3 to 50 nm, have been frequently used for many 

practical applications in materials science, such as magnetic 

storage devices,1 catalysis,2 as well as in life sciences for instance 

in cancer therapy hyperthermia3 and magnetic resonance imaging 30 

(MRI)4, 5 since they exhibit a superparamagnetic behavior. 

Established standard syntheses, such as wet chemical co-

precipitation reactions yield hydrophilic but usually polydisperse 

nanoparticles of about 3-6 nm.6 These systems show a low degree 

of crystallinity and, as a consequence, they yield a low magnetic 35 

response.4, 7  

Small, well defined iron oxide nanoparticles with a narrow 

size distribution consisting of magnetite (Fe3O4) and maghemite 

(γ-Fe2O3) are of great interest, since magnetic properties change 

drastically with particle size.4 High temperature approaches lead 40 

to large amounts of nearly monodisperse iron oxide nanoparticles 

of excellent stability in hydrophobic media and reproducible 

magnetic properties, which is unlike to co-precipitation methods. 

Sun et al. demonstrated in 2004 the formation of hydrophobic 

iron oxide nanoparticles by heating an iron precursor together 45 

with a complexing agent in a high boiling solvent.8 In many 

publications based on this work iron oleate as a non-toxic iron 

oxide nanoparticle precursor is heated up to the boiling point of 

the organic solvent.5, 9 By using a well-defined temperature 

gradient in these processes, nucleation and particle growth are 50 

well separated leading to nearly monodisperse, hydrophobic iron 

oxide nanoparticles in the size regime of 3-20 nm.8 However, for 

biological applications, iron oxide nanoparticles are needed, 

which are dispersible in aqueous media. In the last decade, 

different functionalization agents were developed to enhance the 55 

colloidal stability of superparamagnetic iron oxide nanoparticles 

even at physiological salt concentrations. Commercially available 

iron oxide nanoparticles for MRI are typically small, polydisperse 

nanoparticles. These are made by co-precipitation forming in 

physiological media usually larger agglomerates with a 60 

hydrodynamic diameter of up to 200 nm.4 These agglomerates are 

usually decorated by sugars or other polymers and show poor 

affinity to any specific kind of tissue.8, 10 For example, Jung et al. 

presented dextran-functionalized iron oxide nanoparticle 

agglomerates (Feridex) with a hydrodynamic diameter of 160 65 

nm.11 Different approaches based on the implementation of 

biocompatible coating polymers, such as poly(ethylene glycol) 

(PEG),12 have been proposed to enhance the stability of such 
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nanoparticles. However, many of these ligands lack in functional 

groups for derivatization.13, 14 Hervé et al. referred about covalent 

attaching of polyethylene oxide polymer chains (PEGylation) to 

iron oxide nanoparticles for biological applications. However, 

also in this case, the iron oxide particles were synthesized by a 5 

co-precipitation process and they are rather polydisperse and 

polymorphous. Additionally, the large size of the partial 

aggregated particles and the large size of the polymer ligand 

causes a significant increase in hydrodynamic diameter (about 82 

nm), limiting their use for biological applications.12 Furthermore, 10 

nanoparticles smaller than 50 nm have the potential for lymph-

node-imaging,15, 16 angiography,4 and functional MRI (f-MRI).4 

Therefore, the hydrophilic functionalization of well-defined small 

and non-aggregated particles from high-temperature synthesis 

appears to be more promising. Gu et al. decorated iron oxide 15 

particles from high-temperature synthesis with porphyrin and 

observed their cellular uptake. The core diameter of these 

particles was about 10 nm but the hydrodynamic diameter was 

not reported and leads to questions regarding the stability of the 

particles.17 Xie et al. reported the functionalization of oleate-20 

capped iron oxide particles with human serum albumin. The 

obtained particles have a hydrodynamic diameter of about 29 nm 

and they are stable for 48 h at 37° C in phosphate buffered 

saline.18 Hofmann et al. ligand-exchanged oleate-capped Fe3O4 

nanoparticles with multifunctional dendron ligands.5 The 25 

particles are highly stable in physiological media and not toxic 

but cannot target, as well as the particles mentioned above, to a 

specific tissue. Recently, Zhou et al. reported the synthesis of iron 

oxide nanoparticles conjugated to the human monoclonal 

antibody PGN635, which specifically bind to phosphatidylserine 30 

which is present on the surface of endothelial cells in tumor 

vasculature, but not in normal blood vessels.19 However, a 

detailed study of the colloidal stability and the surface 

functionalization of these particles was not provided. Therefore, 

developing suitable water-soluble biocompatible ligands for the 35 

stabilization of iron oxide nanoparticles with affinity to a certain 

kind of tissue became a central issue within the emerging field of 

nanomedicine.10, 20 Additionally, nanoparticles for biological 

applications should be decorated with “stealth”-ligands leading to 

long blood circulation times. Therefore, achieving in one system 40 

selectivity towards binding to a defined tissue and demonstrating 

at the same time an acceptable biocompatibility including long 

blood circulation times, low accumulation and excretion are main 

challenges in modern contrast agent development. 

Multifunctional dendritic polyglycerol (dPG), based on a soft 45 

polyether polyol scaffold, is known to be highly biocompatible 

and suitable for biomedical applications21, 22 and has found its use 

in various applications.21 Besides its protein and cell resistant 

properties,21, 23-25 dPG-based ligands are known to strongly 

enhance water solubility and have been used to functionalize e.g. 50 

dyes,26 proteins,27 or gold nanoparticles.28 Functionalized 

dendritic ligands are known for their excellent binding properties. 

Gillich et al. recently demonstrated for poly(ethylene glycol) 

ligands with multivalent catechol groups that dendritic 

macromolecular ligands with a comparatively smaller and more 55 

confined molecular volume in comparison to their linear analogue 

allow for a more efficient binding to the surface and hence a 

higher stability in biologically relevant high-ionic-strength buffer 

solutions.29 The sulfated analogue of dPG, dendritic polyglycerol 

sulfate (dPGS) was introduced in 2004 as a fully synthetic, 60 

biocompatible polymer with moderate anticoagulant and strong 

antiinflammatory properties.30 The anti-inflammatory activity of 

dPGS in vivo is based on binding to certain blood proteins e.g. 

complement factors C3 and C5 and its exceptional high binding 

affinity towards the cell adhesion glycoproteins L-selectin, 65 

expressed on leukocytes and P-selectin, present on platelets and  

activated endothelia. Thus, massive leukocyte extravasation as 

detected in acute and chronic inflammatory diseases is reduced 

by dPGS through inhibition of complement activation and 

blockade of the leukocyte adhesion cascade.31-34 Exploiting this 70 

multitarget binding allows for the design of inflammation-

specific dPGS-based probes, as recently shown for an dPGS near-

IR conjugate targeting arthritis in a rat model35 and demonstrated 

for dPGS coated Au NP applied for optical imaging of arthritis in 

a mouse model.36 Wang et al. recently functionalized iron oxide 75 

nanoparticles with dPG.37 These particles were highly stable in 

cell culture media, showing no cytotoxicity towards mammalian 

cells, and a low uptake by macrophages. However, the 

functionalization of these particles with dPG is achieved by a 

laborious stepwise synthesis and notably these particles do not 80 

show any selectivity regarding binding to a specific kind of 

tissue. In this “grafting-from” synthesis a further 

functionalization of the nanoparticles is difficult because they do 

not remain stable, e.g. in acids.5 In contrast, in a “grafting to” 

approach, nanoparticles and polymer-ligands can be attached to 85 

each other in the last step by ligand exchange and no additional 

chemistry with the iron oxide nanoparticles is required. Particles 

and ligands can be independently characterized in advance. 

Therefore, using dPGS based ligands for nanoparticle 

functionalization represents a feasible “grafting to” approach for 90 

the formation of biocompatible hybrid MRI contrast agents. 

Here, we present a novel simple one-pot approach for the 

functionalization of small monodisperse oleic acid capped iron 

oxide nanoparticles from a high temperature approach with dPG 

and dPGS. The stability of these systems is investigated in water 95 

and in several physiological media. Further, the magnetic 

relaxivity as a measure for their magnetic contrast is studied 

before and after polyglycerol functionalization. Cytotoxicity 

studies are carried out to investigate whether the particles are 

suitable for in vivo applications. Additionally, surface plasmon 100 

resonance spectroscopy measurements are performed which 

reveal that the L-selectin binding to immobilized ligands is 

drastically reduced in vitro by the selective and competitive 

binding of dPGS but not dPG decorated iron oxide nanoparticles. 

Finally, a flow cell assay with human myelogenous leukemia 105 

cells confirmed L-selectin inhibition of the dPGS functionalized 

iron oxide nanoparticles and with that the L-selectin mediated 

leukocyte adhesion. 

Results and Discussion 

Monodisperse superparamagnetic iron oxide nanoparticles were 110 

synthesized as described before by a high temperature approach 

using iron oleate in 1-octadecene (see Scheme 1).38 The 

synthesized nanoparticles were purified by repeated 

sedimentation/redispersion cycles to remove by-products and 1-
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octadecene. After purification the resulting nanoparticles, sample 

NP-OA, are dispersible in organic solvents, such as hexane and 

chloroform and present high colloidal stability in these media 

(see Table 1). The particles have a core diameter of (11±1) nm, as 

obtained from transmission electron microscopy (TEM) 5 

measurements. Their hydrodynamic diameter of (14±2) nm is 

slightly larger. TEM imaging (Figure 1a) shows spherical, 

monodisperse, separated, and not aggregated particles. The 

hydrodynamic diameter of sample NP-OA is slightly enlarged 

compared to the core diameter because of the extension of the 10 

oleate-groups and the solvent shell. Via a ligand exchange 

process polar ligands can be introduced, leading to water-

dispersity of the particles. Therefore, two dendritic polyglycerol 

with one (Pn1-dPG-OH) or three (Pn3-dPG-OH) phosphonate 

(Pn) binding sites and one dendritic polyglycerol sulfate with 15 

three phosphonate binding sites (Pn3-dPG-OSO3
-Na+) were 

introduced.  

 

 

Scheme 1: (a) Synthesis of oleate functionalized iron oxide nanoparticles. Functionalization of oleate coated iron oxide nanoparticles (b) 20 

with dendritic polyglycerol (dPG) or (c) with dendritic polyglycerol statistically functionalized with 76% (=31) sulfate end groups 

(dPGS). The polyglycerol ligands contain about one (Pn1-dPG-OH) or three (Pn3-dPG-OH, Pn3-dPG-OSO3
-Na+) phosphonate linker 

groups, respectively. The chemical structure of the dPG scaffold is representative. The molar mass of the dPG unit in all experiments was 

about 3000 g·mol-1.  

25 
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Pn1-dPG-OH and Pn3-dPG-OH with a PD of < 1.7 and a number 

average in molecular weight of Mn = 3000 g·mol-1 provides about 

40 polar hydroxyl groups and Pn3-dPG-OSO3
-Na+ contains about 

31 sulfate groups per polymer leading to high water solubility 5 

(see Scheme 1). The phosphonate groups represent the anchor for 

the iron oxide.10 The plenty of hydroxyl or sulfate groups provide 

a high hydrophilicity and the multifunctional dPG polymer allows 

for conjugation to other molecules such as dyes,26 antibodies, and 

proteins39 to the nanoparticles in future studies. Multivalent 10 

ligands with more than one phosphonate binding site per polymer 

have a stronger binding affinity than the monovalent ones.29, 40 

For this reason, we investigate, if dPG ligands with three instead 

of one phosphonate group lead to iron oxide nanoparticles of 

higher colloidal stability. Increasing the number to more than 15 

three phosphonate groups per polymer, however, leads to 

aggregation and crosslinking of the iron oxide particles resulting 

in precipitation.  

The ligand exchange process was carried out by mixing purified 

oleate-stabilized iron oxide nanoparticles with Pn1-dPG-OH, Pn3-20 

dPG-OH in a 1:0.23 mixture of chloroform and DMSO and in the 

case of Pn3-dPG-OSO3
-Na+ in a 1:0.33:0.22 mixture of 

chloroform, DMSO, and ultrapure water (see Scheme 1). Using 

these solvents a monophasic system is achieved, leading to 

maximum mixing of ligands and nanoparticles. By using a two 25 

phase system, containing ultrapure water and chloroform as 

solvents, no significant reaction occurs at the interface and the 

particles remain oleate functionalized.  

After the ligand exchange process, the iron oxide nanoparticles 

were washed three times with ethyl acetate to remove NP-OA and 30 

DMSO. Subsequently, the precipitated particles were dried in an 

argon stream to remove ethyl acetate and chloroform and finally, 

they are redispersed in aqueous media, such as ultrapure water, 

isotonic saline, or Dulbecco’s modified Eagle Medium (DMEM) 

with 10% fetal calf serum, penicillin (100 units/mL) and 35 

streptomycin (100 µg/mL) (DMEM/FCS/P/S). It is crucial that all 

harmful substances, such as chloroform are completely removed 

during the purification process to minimize the cytotoxicity of the 

nanoparticle dispersion. IR spectroscopy confirms a successful 

ligand exchange and binding of the phosphonate groups to iron 40 

on the surface of the nanoparticles, since a sharp peak at 1018 

cm-1 which accounts for superimposed Fe-O-P and P=O 

stretching bands was found in the spectra of the particles after 

ligand exchange (see Figure S2 in the Supporting Information).41, 

42 45 

The iron oxide nanoparticles functionalized with Pn1-dPG-OH, 

Pn3-dPG-OH and Pn3-dPG-OSO3
-Na+ (NP-Pn1-dPG-OH, NP-Pn3-

dPG-OH and NP- Pn3-dPG-OSO3
-Na+) show colloidal stability in 

different aqueous media (see Table 1), as proven by dynamic 

light scattering (DLS) and TEM. NP-Pn3-dPG-OSO3
-Na+ shows a 50 

zeta potential of (-19±4) mV in ultrapure water which 

corresponds to the zeta potential of pure dendritic polyglycerol 

sulfate (dPGS) (-14±4) within the experimental error.33 Besides 

this moderate electrostatic stabilization in case of the Pn3-dPG-

OSO3
-Na+-stabilized particles, the high colloidal stability of both 55 

samples, NP-Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-Na+,can be 

explained by the spatial extension of both ligands providing a 

substantial steric stabilization. As a result, the samples with three 

phosphonate ligands show colloidal stability in ultrapure water 

for more than one year. 60 

In contrast to sample NP-OA, all particles, functionalized by 

dendritic polyglycerol cannot be dispersed in organic solvents, 

such as chloroform and hexane. After functionalization with 

ligand Pn1-dPG-OH, the iron oxide particles are dispersible in 

ultrapure water where they have a hydrodynamic diameter of 65 

(45±1) nm, indicating that some aggregates are formed (see Table 

1). 

Table 1: DLS data of iron oxide nanoparticles functionalized by oleate, 

Pn1-dPG-OH, Pn3-dPG-OH, and Pn3-dPG-OSO3
-Na+, and Resovist® in 

chloroform, ultrapure water, isotonic saline, and DMEM/FCS/P/S 70 

(Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal calf serum 

(FCS), penicillin (P, 100 units/mL), and streptomycin (S, 100 µg/mL). 

Sample Surface Hydrodynamic diameter 

[nm] in 

CHCl3
a/ 

ultrapure 

waterb 

Isotonic 

saline 

DMEM/ 

FCS/P/S 

NP-OA OA 14±2a - - 

NP-Pn1-dPG-OH Pn1-dPG-OH 45±1b - - 

NP-Pn3-dPG-OH Pn3-dPG-OH 26±2b 28±2 23±1 

NP-Pn3-dPG-OSO3
-Na+ Pn3-dPG-OSO3

-Na+ 24±1b 23±1 20±13 

Resovist® carboxy-dextran ca. 60b - - 

 

 This observation is in agreement with the TEM results, where 

small agglomerates are found (see Figure 1b). Both nanoparticle 75 

samples, where a ligand with three phosphonate binding sites 

(Pn3-dPG-OH and Pn3-dPG-OSO3
-Na+) is used, have a 

significantly smaller hydrodynamic diameter in water (sample 

NP-Pn3-dPG-OH: (26±2) nm and sample NP-Pn3-dPG-OSO3
-Na+ 

(24±1) nm) than sample NP-Pn1-dPG-OH: (45±1) nm (see Table 80 

1)). Assuming that the extension of the bulky dendritic 

polyglycerol ligands Pn3-dPG-OH (molar mass 3600 g·mol-1) and 

Pn3-dPG-OSO3
-Na+ (molar mass 7250 g·mol-1) in water is of the 

order of 3-4 nm which corresponds to the hydrodynamic diameter 

of the free ligands in water. Considering the shell of water 85 

molecules around the particles, both DLS results indicate that the 

particles are not or negligibly aggregated in water in contrast to 

sample NP-Pn1-dPG-OH. This conclusion agrees well with the 

TEM micrographs shown in Figure 1 (c) and (d), where only 

single particles separated by a distance of at least 3 nm are found, 90 

corresponding to the extension of the collapsed polyglycerol 

ligands in vacuum. Note that the interparticle distance of sample 

NP-OA (Figure 1 (a)) is much smaller so that the particles are 

almost touching in dried state, which is due to the much smaller 

extension of the oleic acid ligand (molar mass: 282.46 g·mol−1).  95 
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Figure 1: TEM micrographs of (a) oleic acid-coated iron oxide nanoparticles (sample NP-OA), and (b-d) particles functionalized by the 

dendritic polyglycerol ligands Pn1-dPG-OH (sample NP-Pn1-dPG-OH), Pn3-dPG-OH (sample NP-Pn3-dPG-OH), and Pn3-dPG-OSO3
-

Na+ (sample NP-Pn3-dPG-OSO3
-Na+).  5 

 

The nanoparticles of the samples NP-Pn3-dPG-OH, and NP-Pn3-

dPG-OSO3
-Na+ exhibit also excellent stability in physiological 

media, such as isotonic saline and DMEM/FCS/P/S (see Table 2). 

Isotonic saline acts as a simple imitation of cell media and blood 10 

because of its identical osmolarity. Aggregation of nanoparticles 

can occur easily in these media since their ionic strength is rather 

high. The ionic strength of isotonic saline (154 mmol/L) is lower 

than that of DMEM/FCS/P/S (168 mmol/L). In DMEM/FCS/P/S 

the hydrodynamic diameters of the samples NP-Pn3-dPG-OH and 15 

NP-Pn3-dPG-OSO3
-Na+ remain practically unchanged for 9 and 

11 days, respectively, indicating an excellent colloidal stability of 

both systems. In isotonic saline the hydrodynamic diameters of 

the same particles remain unchanged for slightly shorter periods 

of 4 and 5 days, accordingly. The differences between the 20 

stabilities in isotonic saline and DMEM/FCS/P/S might be 

explained by protein adsorption on the surface of the 

nanoparticles leading to more shielded and thus, more stabilized 

nanoparticles.43, 44 Note, that the hydrodynamic diameter of the 

samples NP-Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-Na+ are in 25 

DMEM/FCS/P/S smaller than in water demonstrating the high 

stability of these systems in this medium. DLS measurements of 

DMEM/FCS/P/S without nanoparticles yield a hydrodynamic 

diameter of (39±2) nm with a broad size distribution.5 Please note 

also that in the blood stream additional aggregation effects due to 30 

the shear flow or the interaction with blood cells might occur. 
 

Table 2: Stability1 of NP-Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-Na+ in 

isotonic saline and DMEM/FCS/P/S 

Sample Stability [d] 

Isotonic saline DMEM/FCS/P/S 

NP-Pn3-dPG-OH  4 9  

NP-Pn3-dPG-OSO3
-Na+ 5  11 

1Stability [d]: Time where the hydrodynamic diameter is smaller than 30 35 

nm. 

 

The magnetic properties of the samples which are responsible for 

the expected contrasting effect in MRI are investigated before and 

after ligand exchange. This is done to verify if the surface 40 

exchange strongly affects the magnetic relaxivity of iron oxide 

nanoparticles. Jun et al. studied systematically the relation 

between size, magnetism, and relaxation of iron oxide 

nanoparticles and showed the dependence of magnetic relaxivity 

of the diameter of the nanoparticles.45 Although magnetism is an 45 

intrinsic property of bulk material, the relaxivity properties of 

nanoparticles strongly depend on size, crystallinity, shape, and 

surface properties of the core and the oxidation state of the iron.4, 

45, 46 Therefore, a ligand exchange process can affect the magnetic 

relaxivity of iron oxide nanoparticles.5, 47, 48 The measurements 50 

were carried out by measuring T1- and T2-relaxation times in 

chloroform (NP-OA) and ultrapure water (NP-Pn3-dPG-OH and 

NP-Pn3-dPG-OSO3
-Na+) at 0.94 T (see Table 3). 

 

Table 3: Relaxation properties1 of the iron oxide nanoparticles NP-OA, 55 

NP-Pn3-dPG-OH, and NP-Pn3-dPG-OSO3
-Na+. The sample NP-OA was 

measured in chloroform, the samples NP-Pn3-dPG-OH and NP-Pn3-dPG-

OSO3
-Na+ were measured in ultrapure water. 

Sample r1 

[mM-1s-1] 

r2  

[mM-1s-1] 

r2/r1 

NP-OA 25.3±0.8  74.8±2.2  3.0±0.2 

NP-Pn3-dPG-OH  7.2±0.1 22.2±0.1 3.1±0.1 

NP-Pn3-dPG-OSO3
-Na+ 8.0±0.1 23.4±0.1 2.9 ± 0.1 

Resovist® 7.2±0.1 82.0±6.2 11.4±1.0 

The relaxivity (r1 or r2) is defined as the change in relaxation rate (r1,2 = 

1/T1,2) in units of s-1 upon addition of the contrast agent, normalized to the 60 

concentration of the contrast agent (Fe concentration in units of mM). 

 

The transversal relaxivity r2 and the longitudinal relaxivity r1 of 

the sample NP-OA in chloroform is by about a factor of three 

higher than the corresponding values of samples NP-Pn3-dPG-65 

OH and NP-Pn3-dPG-OSO3
-Na+ in ultrapure water. This 

reduction indicates that the ligand exchange influences the 

relaxivity. Possibly, also the changed accessibility of water to the 

surface is due to the bulky polyglycerol ligand shell that 

influences the relaxivity of the particles.49 However, particles 70 

with an r2 value above 20 mM-1s-1 are well-suitable for contrast 

rich MRI.50 In contrast to the results for r2, the ratio r2/r1 remains 

constant within the experimental error during the ligand exchange 

process. This ratio allows a quantification of the relative 

contribution of the longitudinal and transversal relaxivity. As the 75 

hydrodynamic diameter of iron oxide nanoparticles correlates 

with the ratio r2/r1, one has to normalize this ratio to the 

hydrodynamic radius. The normalized r2/r1 values of the water-

50 nm 

d c 

50 nm 

b 

50 nm 

a 

50 nm 
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dispersible particles (NP-Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-

Na+) reaches 63% and 65% respectively, of the value of the 

clinically approved iron oxide contrast agent Resovist® (Bayer 

Schering Pharma AG). If small iron oxide nanoparticle-cores are 

dispersed as agglomerates the r2 and therefore the r2/r1-value is 5 

increasing drastically. In contrast to Resovist®, the samples NP-

Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-Na+ are not aggregated as it 

is clearly proven by DLS and TEM results (Figure 1, Table 1, and 

Table 3). 

In conclusion, the results of the physico-chemical 10 

characterization indicate that the presented water-dispersible iron 

oxide nanoparticles are suitable as contrast agent for MRI.  

 

 

Cell viability of primary human umbilical vein endothelial cells 15 

(HUVECs) was determined after 48 h incubation with the 

nanoparticles NP-Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-Na+ using 

a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay.51 Figure 2 shows that NP-Pn3-dPG-OSO3
-Na+ have 

an effect of the viability of the HUVECs after 48 h with a 20 

survival index SI50 corresponding to 50% survival index of 

approximately 85 nM nanoparticles (corresponding to 2.4 mM 

Fe).  

In the measuring range no SI50 value is reached for the NP-Pn3-

dPG-OH. Wu et al. found for the viability of HUVECs after 24 h 25 

of incubation with citrate or dextran-coated iron oxide 

nanoparticles SI50 values significantly below 1 mM Fe.52 

An essential physiological reaction of inflammation is the 

recruitment and extravasation of leukocytes from the blood 

stream to inflammatory sites.53 The selectins are cell adhesion 30 

molecules involved in low affinity, but essential ligand 

recognition on the respected surfaces.54 Although being essential 

for immune surveillance, under pathophysiological conditions 

(e.g. chronic inflammatory diseases) massive leukocyte 

extravasation is often accompanied with unwanted secondary 35 

tissue damage. Recently, it was shown that dendritic polyglycerol 

sulfate (dPGS) has a high binding affinity towards L- and P-

selectin and reduces leukocyte extravasation.31 In vitro studies 

using surface plasmon resonance (SPR) measurements reveal that 

dPGS strongly inhibits selectin ligand binding with IC50 values in 40 

the nanomolar range.31-33 In contrast, non-sulfated dendritic 

polyglycerol does not influence selectin binding.31-33 Therefore, 

binding studies were carried out with the synthesized 

nanoparticles (samples NP-Pn3-dPG-OH and NP-Pn3-dPG-OSO3
-

Na+) as competitors to evaluate their inhibitory potential. An 45 

overview of the general scenario is given in Figure 3. 
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Figure 2: Cytotoxicity of NP-Pn3-dPG-OH (black) and  

NP-Pn3-OSO3
–Na+ (gray) in HUVECs. The HUVECs 50 

(5000 cells/well) were exposed to different concentrations of the 

nanoparticles for 48 h. Viable cells were quantified in an assay 

employing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT). The survival index was calculated as the 

percentage of living cells after treatment in relation to untreated 55 

cells. Data are presented as mean ± standard error of the mean of 

three independent experiments. The data points are connected 

with a B-spline to guide the eye. 

 

We first measured binding by surface plasmon resonance, where 60 

a defined concentration of L-selectin coated gold NP was passed 

over the sensor chip, functionalized with a common synthetic L-

selectin ligand polymer. The resulting signal intensity, given in 

resonsance units, was set to 100% binding and referred to as the 

positive control.31 L-selectin coated gold NP were then pre-65 

incubated with increasing concentrations of the functionalized 

iron oxide nanoparticles as binding competitors and subsequently 

passed over the ligand carrying sensor chip. A reduction of the 

resonance units indicates binding of the competitor (here NP-Pn3-

dPG-OSO3
-Na+) to the L-selectin coated gold NP and result in 70 

shielding. The obtained resonance units at defined competitor 

concentration were then calculated as % inhibition compared to 

the control. The IC50 value corresponds to the competitor 

concentration at which 50% inhibition of the control is observed. 

The results reveal that in case of sample NP-Pn3-dPG-OSO3
-Na+ 75 

the L-selectin binding is strongly inhibited, corresponding to an 

IC50 value in the picomolar range. In contrast, in the case of 

sample NP-Pn3-dPG-OH no inhibition is observed at the 

respective concentrations (see Figure 4a). L-selectin dependent 

binding specificity is demonstrated with the negative control 80 

where bare gold nanoparticles incubated with the highest NP-Pn3-

dPG-OSO3-Na+ concentration showed no ligand binding at all.  

In order to test the efficacy of NP-Pn3-dPG-OSO3
-Na+ as L-

selectin inhibitor under more physiological conditions, the 

nanoparticles have been applied in a cellular based flow chamber 85 

assay (Figure 4b).55-57 This assay mimics the capture of 

leukocytes from the blood stream to the vascular endothelium 

which is a prerequisite for subsequent leukocyte adhesion and 

transmigration to inflamed tissue lying underneath. In case of 

inflammation vascular endothelia express L-selectin ligands on 90 

the surface to catch leukocytes and slow down their velocity 
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which can be visualized as leukocyte rolling. Therefore, the 

leukocyte tumor cell line K562, which does not express L-

selectin (K562 -L-selectin) and the L-selectin expressing cell line 

(K562 +L-selectin), were passed through a ligand-coated flow 

channel. The number of rolling K562 +L-selectin cells was set to 5 

100% and reflects no inhibition. After preincubation of the cells 

with defined concentrations of samples NP-Pn3-dPG-OH and NP-

Pn3-dPG-OSO3
-Na+ as competitors the number of rolling cells 

were counted and calculated as % inhibition of the control (for 

representative movies see supporting information). Figure 4b 10 

confirms a strong shielding effect of the competitor NP-Pn3-dPG-

OSO3
-Na+ on ligand interaction of K562 +L-selectin with an 

IC50 value of about 36 nM (see also Figure S1). Again, NP-Pn3-

dPG-OH applied at the highest concentration had no influence on 

ligand recognition (no inhibition). Receptor specificity was 15 

demonstrated when we used the cell line K562 –L-selectin as a 

negative control, where no cell rolling was observed. Please note, 

that the cytotoxicity was monitored after 48 h of continuous static 

incubation, whereas the cell rolling experiments depict the instant 

cellular binding recorded within minutes. In summary, these 20 

results indicate the potential of NP-Pn3-dPG-OSO3
-Na+ to bind L-

selectin on leukocytes and P-selectin on activated inflammatory 

endothelia and consequently, their applicability as a selective 

binding contrast agent in MRI. 

 25 

 

 
Figure 3: Schematic representation of L-selectin ligand binding studies with the synthesized nanoparticles ((a) sample NP-Pn3-dPG-OH 

and (b) sample NP-Pn3-dPG-OSO3
-Na+) as competitors. On the left hand side preincubation of functionalized FeOx nanoparticles with L-

selectin carriers (Au NP or leukocytes) is shown. As a result, distinct binding to immobilized ligands on surfaces (SPR sensor chip or 30 

bottom of flow chamber) is illustrated on the right hand side. In detail, NP-Pn3-dPG-OH or NP-Pn3-dPG-OSO3
-Na+ were separately 

preincubated with L-selectin coated gold nanoparticles (Au-NP) or bare Au-NP, and subsequently passed over an SPR sensor chip 

carrying L-selectin ligands. In a second experiment, the nanoparticles were separately preincubated with K562 +L-selectin or K562 -L-

selectin cells and then passed through a ligand-coated flow channel. L-selectin dependent cell binding to the ligand coated surface slows 

down their velocity which can be visualized as cell rolling. In the absence of NP-Pn3-dPG-OSO3
-Na+, the number of rolling K562 +L-35 

selectin cells was set to 100% and reflects no inhibition. After preincubation of the cells with defined concentrations of samples NP-Pn3-

dPG-OH and NP-Pn3-dPG-OSO3
-Na+ as competitors the number of rolling cells were counted and calculated as % inhibition of the 

control. 

 

 40 
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Figure 4: (a) Competitive inhibition of L-selectin ligand binding 

by NP-Pn3-dPG-OH (black) and Pn3-dPG-OSO3
-Na+ (gray) 

measured by SPR. (b) NP-Pn3-dPG-OSO3
-Na+ and NP-Pn3-dPG-5 

OH measured via a flow chamber assay.*, p = 0.0251; ***, 

p ≤ 0.0005 (paired t test, n = 3). 

 

Conclusions 

Initially hydrophobic monodisperse iron oxide nanoparticles are 10 

functionalized by dendritic polyglycerol and dendritic 

polyglycerol sulfate ligands via simple one pot ligand exchange 

reactions. The obtained systems are promising candidates for 

selective MRI, since polyglycerol sulfate can address inflamed 

tissue. The polyglycerol ligands are statistically functionalized by 15 

about one or three phosphonate groups acting as linkers to iron. 

Dynamic light scattering and TEM measurements reveal that only 

the trivalent phosphonate ligands lead to colloidally stable 

hydrophilic nanoparticles, whereas the monovalent ligands yields 

particles which significantly aggregate in water. This observation 20 

can be explained by the significantly higher binding affinity of 

the multivalent ligand compared to the monovalent one. Iron 

oxide functionalized with the trivalent dendritic sulfated or non-

sulfated polyglycerol ligands are colloidally stable for more than 

one year in ultrapure water, for several days in a cell culture 25 

medium, as well as isotonic saline. The hydrodynamic diameter 

of both systems is below 30 nm in all aqueous media under study 

and thus far below the diameter of nanoparticle based MRI 

contrast agents, which have been used clinically. The potential of 

the novel particles for applications as MRI contrast agent is 30 

proofed with respect to efficacy by measurements of the magnetic 

relaxivity of the functionalized iron oxide nanoparticles. The 

initially high r2 value of the iron oxide nanoparticles is reduced 

during the ligand exchange reaction but it is still comparable to 

the values of nanoparticle based MRI contrast agents. 35 

Furthermore, only a slight cytotoxicity is observed when the 

nanoparticles are incubated with HUVECs after 48 h and no acute 

toxicity is found. Therefore, the particles seem to be 

biocompatible at the cellular level on the conditions applied. 

Surface plasmon resonance (SPR) studies indicate that the 40 

polyanionic dendritic polyglycerol sulfate functionalized iron 

oxide nanoparticles lead to an exceptional inhibition of L-selectin 

ligand binding, whereas the particles bearing neutral dendritic 

polyglycerol do not show this effect. Experiments under more 

physiological conditions in a flow chamber with human 45 

myelogenous leukemia cells confirmed L-selectin inhibition of 

NP-Pn3-OSO3
–Na+ and with that the L-selectin mediated 

leukocyte adhesion. In conclusion, novel selectively binding MRI 

contrast agents are developed. Their small hydrodynamic 

diameter makes these systems especially attractive for 50 

applications, such as lymph-node imaging, 15, 16 angiography,4 or 

functional MRI (f-MRI).4 The particles will soon be tested in in 

vivo studies. 
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movies are provided showing leukocyte rolling on the ligand coated 

surface of the flow chamber. See DOI: 10.1039/b000000x/ 
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inflammation specificity and thus, particle applicability as 35 
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