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Background: As a tomographic imaging technology, magnetic particle imaging (MPI) 

allows high spatial resolution and sensitivity, and the possibility to create real-time images 

by determining the spatial distribution of magnetic particles. To ensure a prospective biosafe 

application of UL-D (University of Luebeck-Dextran coated superparamagnetic nanoparticles), 

we evaluated the biocompatibility of superparamagnetic iron oxide nanoparticles (SPIONs), 

their impact on biological properties, and their cellular uptake using head and neck squamous 

cancer cells (HNSCCs).

Methods: SPIONs that met specific MPI requirements were synthesized as tracers. Labeling 

and uptake efficiency were analyzed by hematoxylin and eosin staining and magnetic particle 

spectrometry. Flow cytometry, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) assays, and real-time cell analyzer assays were used to investigate apoptosis, prolifera-

tion, and the cytokine response of SPION-labeled cells. The production of reactive oxygen 

species (ROS) was determined using a fluorescent dye. Experimental results were compared 

to the contrast agent Resovist®, a standard agent used in MPI.

Results: UL-D nanoparticles and Resovist particles were taken up in vitro by HNSCCs via 

unspecific phagocytosis followed by cytosolic accumulation. To evaluate toxicity, flow cytom-

etry analysis was performed; results showed that dose- and time-dependent administration of 

Resovist induced apoptosis whereas cell viability of UL-D-labeled cells was not altered. We 

observed decreased cell proliferation in response to increased SPION concentrations. An intra-

cellular production of ROS could not be detected, suggesting that the particles did not cause 

oxidative stress. Tumor necrosis factor alpha (TNF-α) and interleukins IL-6, IL-8, and IL-1β 

were measured to distinguish inflammatory responses. Only the primary tumor cell line labeled 

with 0.5 mM Resovist showed a significant increase in IL-1β secretion.

Conclusion: Our data suggest that UL-D SPIONs are a promising tracer material for use in 

innovative tumor cell analysis in MPI.

Keywords: cell labeling, HNSCCs, biomedical imaging, iron oxide nanoparticles, 

cytotoxicity

Introduction
The use of superparamagnetic iron oxide nanoparticles (SPIONs) for numerous bio-

medical applications is based on their unique properties. The nanoscale structure and 

features of superparamagnetism offer a variety of possibilities for treatment and diag-

nostic medical applications.1 SPIONs are used as tracer material in magnetic particle 

imaging (MPI). MPI was introduced in 2005 as a novel tomographic imaging modality.2  

The nonlinear magnetization of SPIONs is the key element for their use as a tracer 

in MPI. The particles are stimulated by a sinusoidal signal called the drive field that 
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induces a voltage in the receive coil. For spatial encoding, a 

field-free point (FFP) in the field of view is necessary because 

only the SPIONs in the FFP respond to the excitation signal. 

The signal contains an excitation frequency (~25 kHz) and 

its harmonics, which are caused by the nonlinearity of the 

SPIONs’ magnetization. The advantages of MPI over current 

imaging techniques are high spatial resolution and sensitivity, 

and the potential for high quality real-time imaging.3 Early 

experimental studies showed a resolution of 1 mm and a fast 

dynamic process with an acquisition time of 0.1 second.4,5 

Furthermore, a good signal-to-noise ratio and excellent con-

trast confirm a promising imaging modality.6

The nanoparticle design is an important factor because the 

imaging principle is based on the superparamagnetic nature 

of SPIONs. Image quality of the MPI approach is determined 

by the spatial biodistribution of the particles. Moreover, par-

ticle size distribution affects the magnetization response of 

MPI.7 The larger the particle core, the steeper the nonlinear 

magnetization curve and the better the sensitivity. Therefore, 

spatial resolution and signal-to-noise ratio of MPI depend on 

the SPIONs’ core diameter and homogeneity.

Resovist® (Bayer Schering Pharma AG, Leverkusen, 

Germany), which consists of a carboxydextran-coated iron 

oxide, is a well-established iron oxide-based magnetic reso-

nance imaging (MRI) contrast agent. It was used in the first 

successful phantom MPI experiments and in in vivo studies 

due to its large magnetic moment and short relaxation time, 

which are suitable for MPI.2,4 Resovist has an optimal nano-

particle size and contributes to significant MPI signals. It was 

initially adapted for use in MRI despite its shortcomings. The 

main difference is that in MPI, the signal of the SPIONs can 

be directly measured, whereas in MRI, SPIONs are mea-

sured by local distortion of the magnetic field. As a result, 

SPION contrast agents improve visualization of anatomical 

structures. In MPI, the tracer material is solely responsible 

for the signal; it does not provide any information about the 

anatomy of the object. For efficient utilization, iron oxide 

particles should ideally be of uniform size. Unfortunately, 

the efficiency of Resovist is unsatisfactory since only a small 

percentage of the iron accounts for MPI performance. More-

over, Resovist exhibits partially clustered iron oxide cores.8 

It was withdrawn from the market in 2008 and there are no 

adequate substitute tracers commercially available for MPI at 

the present time. As a result, the current study designed and 

synthesized superparamagnetic iron oxide nanoparticles as 

MPI tracers.

Various approaches for synthesizing SPIONs were stan-

dardized and we chose a classical co-precipitation approach to 

produce particles with a reproducible quality. The challenge of 

SPION synthesis is to produce tracers with an optimal mag-

netic particle spectroscopy (MPS) performance. By means of 

MPS, it is possible to determine the SPION quality for MPI.9 

The nanoparticles, namely UL-D, consist of an iron oxide 

core. For clinical and preclinical use, UL-D should combine 

the characteristics of biocompatibility, biodegradability, and 

biosafety with the SPIONs’ surface characteristics, since 

these are key factors.10 Dextran (mw 70 kDa) was used to 

stabilize the particles in solution and prevent agglomera-

tion. The coating material is important for particle uptake by 

cells. It has been shown that nanoparticle uptake can result in 

altered cell morphology, viability, and metabolism. In addi-

tion, SPION uptake can cause intracellular stress. Changes 

in mitochondrial function, permeability of the plasma mem-

brane, inflammation, generation of reactive oxygen species 

(ROS), and directly associated protein and lipid peroxidation 

and chromosome condensation can lead to cell damage, muta-

tions, and cancer.11–15 Therefore, it is necessary to study and 

ensure the biocompatibility and biosafety of SPIONs since 

they can be used in different applications for medical imaging 

and biomedical areas depending on their particle size.

Diagnostic and therapeutic imaging possibilities, 

including cardiovascular and oncological applications, are 

promising.16,17 The current study focused on the field of 

oncology. Cancer, including head and neck cancer, is one 

of the leading causes of death in the world. Head and neck 

squamous cell carcinoma (HNSCC) is the sixth most com-

mon cancer worldwide, with a mortality rate of 50%.18 By 

improving therapeutic and diagnostic approaches, the sur-

vival rate of cancer patients could be improved. Tumor and 

metastatic measurements by MPI could improve tumor 

staging, optimize therapeutic plans, and provide early tumor 

detection. For fundamental research, labeled cells could be 

used for in vivo migration studies.19 This is why we analyzed 

cellular UL-D nanoparticle uptake and UL-D influence on 

various biological properties on HNSCCs compared to the 

contrast agent Resovist.

Materials and methods
Particle preparation
UL-D nanoparticles were synthesized by classical co-precip-

itation of iron oxide in an alkaline solution in the presence of 

dextran, a high molecular weight polymer of d-glucose.20,21 

Six mmol iron (II) chloride tetrahydrate (FeCl
2
⋅4H

2
O) and 

27.8  mmol iron (III) chloride hexahydrate (FeCl
3
⋅6H

2
O) 

(VWR International GmbH, Darmstadt, Germany) 

were dissolved in 150 mL H
2
O with 12.6  g dextran T70  
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(MW 70,000; Carl Roth GmbH & Co., KG, Karlsruhe, 

Germany). Iron hydroxide precipitated after dropwise addi-

tion of 150 mL 7.5% base ammonia (NH
3
) at room tempera-

ture. After heating the solution for 30 minutes to 60 minutes 

at 70°C, the iron hydroxide was reduced to iron oxide and 

Fe
3
O

4
 and dextran enclosed the particles. After synthesis, the 

particles were centrifuged for size separation and dialyzed 

against H
2
O. Several steps of separation and purification were 

performed to concentrate the nanoparticles.

Particle characterization
To assess shape and particle size distribution, the nanopar-

ticles were characterized by high-resolution transmission 

electron microscopy (HRTEM) (Philips Deutschland GmbH, 

Hamburg, Germany). The coating was removed and only the 

core was measured. Iron concentration of the nanoparticles 

was determined by photometry of the iron complex using 

Prussian blue.22,23 The hydrodynamic diameter (d
h
) was 

used to test stability and was determined by dynamic light 

scattering based on photon cross-correlation spectroscopy 

(PCCS) (NANOPHOX, Sympatec, Clausthal-Zellerfeld, 

Germany).24,25 To estimate the core diameter of the SPIONs, 

atomic force microscopy (AFM) (DME Nanotechnologie 

GmbH, Hannover, Germany) was used.26 For measure-

ment, the particles were dissolved in H
2
O without addition 

of stabilizers. Stability experiments were conducted using 

Dulbecco’s Modified Eagle’s Medium (DMEM) or H
2
O as 

solution. Twenty-five µL and 100 µL UL-D were diluted in a 

3 mL solution and the hydrodynamic diameter of UL-D was 

measured by PCCS. Resovist has a crystal structure of Fe
3
O

4
 

(magnetite) coated with carboxydextran and is available in a 

concentration of 0.5 mmol/mL (28 mg/mL) Fe. Core diameter 

is between 3 nm and 5 nm (mean, 4.2 nm).27

Magnetic particle spectroscopy
For all MPS measurements, an excitation field strength of 

H =20 mT and excitation frequency of 25 kHz were used. 

Sample volume was 10 µL.9

Cell culture
Two HNSCC cell lines were established from primary cell 

carcinoma of the tonsilla (UT-SCC-60A) and the corre-

sponding metastasis (UT-SCC-60B) and were used for cell 

labeling.28 They were cultured in  DMEM supplemented 

with 10% fetal bovine serum (FBS) at 37°C and 5% CO
2
 

in a humidified atmosphere. Cells were subcultured using 

Accutase® (all from GE Healthcare Life Sciences, Muenchen, 

Germany) upon reaching 80% to 90% confluence.

Particle concentration and incubation time
Cells were incubated with either UL-D or Resovist in con-

centrations of 0.2 mM, 0.5 mM, 0.9 mM, and 1.8 mM Fe, 

respectively, for various durations. Unlabeled cells of each 

cell line were used in parallel as controls. After incubation, 

media were removed and cells were washed three times 

with phosphate buffered saline (PBS) buffer to wash out 

non-internalized particles.

Mitochondrial activity
Growth behavior of the cells was determined by colorimet-

ric 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay. Ten µL of MTT (5 mg/mL; Sigma-

Aldrich) was added for 1 hour at 37°C and discontinued with 

100 µL of MTT stop solution (Sigma-Aldrich). After shaking 

for 24 hours, absorbance was measured at 570  nm using 

a Benchmark Plus microplate reader (BioRad, Hercules, 

CA, USA).

Nanoparticle cytotoxicity 
For annexin V-APC-PI staining, cells were stained with 

2 µL Annexin V-APC and 2 µL propidium iodide (PI) in 

annexin V binding buffer (both Becton, Dickinson [BD] 

and Company, Franklin Lakes, NJ, USA) for 15 minutes. 

After two washes, the pellet was resuspended in 0.5 mL 

PBS and immediately measured with a BD FACSCanto™ 

flow cytometer (BD). Annexin V-APC was analyzed at an 

excitation level of 488 nm and emission level of 530 nm. PI 

fluorescence was performed at excitation and emission levels 

of 488 nm and 585 nm.

Proliferation assay
Using an xCELLigence DP analysis system (Roche Diagnos-

tics, Rotkreuz, Switzerland), real-time measurement of cell 

proliferation was performed. Real-time cell analyzer assay 

was performed as per instructions.

Nanoparticle uptake
Cells were incubated with rhodamine-labeled UL-D for flow 

cytometry analysis. Rhodamine fluorescence was performed 

at excitation and emission levels of 488 nm and 585 nm on 

a FACSCanto cyclometer (BD). For immunohistochemistry 

analysis, the labeled streptavidin biotin method was used as 

follows. Cells were fixed with 70% ice-cold methanol for 

15 minutes. After cell permeabilization with 0.3% Triton 

X-100/Tris-buffered saline (TBS) buffer for 5 minutes, 

cells were washed and 3% H
2
O

2
 was added for 15 minutes. 

Anti-dextran antibody (1:150, clone DX-1; STEMCELL 
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Technologies Inc., Vancouver, BC, Canada) was incubated 

for 2 hours at 37°C. Next, slides were rinsed in TBS and 

a PolyLink secondary antibody was added (20 minutes at 

room temperature). Cells were then washed and incubated in 

a horseradish peroxidase detection system (both from DCS 

Diagnostic Systems, Hamburg, Germany) for 20 minutes. 

Slides were then rinsed thoroughly and AEC (3-Amino-9-

ethylcarbazole) substrate working solution (Vector Labora-

tories, Burlingame, CA, USA) was added. The reaction was 

stopped with TBS. Nuclei counterstaining was conducted with 

hematoxylin and eosin (H&E). An Axiovert 200M optical 

microscope (Carl Zeiss Meditec, Oberkochen, Germany) was 

used to image cell morphology and nanoparticle uptake.

Cytokine analysis
Bead-based immunoassays were used to determine secretion 

changes of interleukins-6 (IL-6), -8 (IL-8), and -1β (IL-1β) 

and tumor necrosis factor alpha (TNF-α) after incubation 

with SPIONs. A cytometric bead array (CBA) application 

was performed as per manufacturer protocol and measured 

by flow cytometry using the FACSCanto (BD).

ROS assay
The intracellular formation of ROS was detected using 2′,7′-
Dichlorofluorescein diacetate (DCFH-DA, 10 µM; Sigma-

Aldrich), which binds to the fluorescent dichlorofluorescein 

by intracellularly reacting with ROS. Thirty minutes after 

incubation with DCFH-DA, fluorescence was measured by 

a Tecan Infinite® F200 fluorescent plate reader (Tecan Group 

Ltd., Maennedorf, Switzerland) using excitation and emission 

settings of 485 nm and 535 nm.

Statistical analysis
Statistical analysis was conducted using a Student’s t-test 

(paired, two-tail) with P0.05 considered significant.

Results
Characterization of UL-D
The iron concentrations of the UL-D tracer solutions were 

between 0.22 mmol/mL and 0.25 mmol/mL (12 mg/mL and 

14 mg/mL) Fe and were determined by photometry of the 

Prussian blue iron complex. After several separation and 

purification steps, the iron concentration was increased to a 

maximum of 0.25 mmol/L. The hydrodynamic diameter of 

the SPIONs was determined by dynamic light scattering based 

on PCCS. UL-D had a hydrodynamic diameter of between 

83.5 nm and 86 nm whereas Resovist showed variations 

in the mean hydrodynamic diameter of 60 nm to 80 nm. 

HRTEM measurements of the particles were used for further 

characterization of the UL-D particle cores. Figure 1 shows 

particle size distribution. Particle aggregation can be seen as 

a response to a lack of dextran-coating. This explains why 

the size of a single nanoparticle could not be determined by 

HRTEM analysis. The aggregate lengths of 150 nm–200 nm 

within the nanoparticles appeared to be homogeneous. 

Another method for estimating the core diameter of UL-D 

was based on AFM (Figure 2). The image shows a surface 

structure of dried particles on mica sheets. The dextran coat 

is dried out, leaving only the surface structure of the iron 

oxide core. The core diameter of the smaller particles varied 

between 10 nm and 17 nm, indicating a homogeneous core 

size distribution of the particles deemed adequate for MPI. 

The iron oxide core diameter of UL-D in the concentrated par-

ticle solution was measured by MPS. The diameter remained 

relatively constant over 6 weeks of measurements, varying 

only between 16 nm and 18 nm (data not shown). 

To analyze the stability of UL-D, the change in the 

hydrodynamic diameter of UL-D in DMEM or (A)-DEST 

was statistically evaluated by PCCS over a 2 week period. 

Moreover, the influence of the particles in the solutions was 

analyzed according to their concentration in the solutions. 

Over 2 weeks, the hydrodynamic diameter of the particles 

remained very stable (Figure 3). No aggregation or cluster for-

mations of UL-D were observed. This stable 2 week interval 

appeared to be conducive to performing in vivo MPI tests.

SPION toxicity 
To assess SPION biocompatibility, the mitochondrial activ-

ity represented by the number of cells was measured using 

Figure 1 HRTEM image of UL-Ds’ iron core. 
Notes: The bar shows the scale in nm and the yellow line shows the size of the 
nanoparticle aggregate.
Abbreviations: HRTEM, high-resolution transmission electron microscopy; UL-Ds, 
University of Luebeck-Dextran coated superparamagnetic nanoparticles.
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MTT assay. The absorbance values were used to metaboli-

cally quantify viable cells after incubation with SPIONs. We 

found decreased activity of cellular enzymes of HNSCC cells 

labeled with UL-D or Resovist nanoparticles (Figure  4). 

Resovist seemed to have a stronger effect on cells than 

UL-D. A significant decrease in the absorbance signals and 

a marked increase in toxicity were measured based on levels 

of 0.2 mM Fe Resovist. This dose-dependent reduction 

suggests either a diminished number of cells or a lower 

metabolization of MTT by mitochondrial dehydrogenases.

Using proliferation real-time assay, we confirmed the 

growth inhibition of SPIONs. The cell index was not reduced 

under increasing SPION concentrations and incubation times 

for UL-D (Figure 5). UL-D did not induce growth inhibition 

and showed a mean doubling time of 20 hours, whereas a 

decreased cell index was observed after Resovist treatment. 

High concentrations of Resovist, especially between 0.9 mM 

and 1.8 mM Fe, indicated inhibition of cell growth. 

Survival of SPION-labeled cells
To test whether the labeling of HNSCC cells with SPIONs 

could influence cell viability, cells were analyzed by flow 

cytometry using an Annexin V-APC/PI method in which 

viable cells were identified as Annexin and PI-negative, 

whereas apoptotic cells were pictured as Annexin positive. 

These cells are an indicator of cell toxicity and are char-

acterized by membrane inversion and loss of asymmetry. 

Damaged and decayed cells are permeable to PI. Results of 

UT-SCC-60A and UT-SCC-60B cell viability after treat-

ment for 120 hours and incubation with SPIONs are shown 

in Figure 6. Flow cytometric analysis showed that UL-D did 

not change the cell viability of HNSCC cells. Concentrations 
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of up to 1.8 mM Fe showed no visible differences in the 

death rates of UL-D-labeled and unlabeled control cells. 

In comparison, Resovist negatively affected HNSCC cell 

viability in a dose-and time-dependent manner. Cell death of 

the HNSCC cells was attributed to apoptosis but was barely 

detectable in Fe concentrations of 0.5 mM.

Cellular uptake of UL-D
We ini t ia l ly  examined UL-D uptake of  d i rect 

fluorescence-labeled UL-D nanoparticles by flow cytometry 

and microscopy (Figure 7). Fluorescence analysis showed 

that rhodamine-labeled UL-D could be internalized into 

HNSCC cells. Microscopy images demonstrated a local-

ization of UL-D in the cytoplasm but not in the nucleus. 

However, the fluorescent signals were weak and not sensitive 

enough to perform quantitative analysis or to determine the 

uptake process. After 24 hours incubation of the HNSCC cells 

with 0.9 mM and 1.8 mM Fe rhodamine-labeled UL-D, the 

FACS histogram profile shifted and showed a labeling rate 

of ~100% whereas no fluorescence was found in unlabeled 

cells. Compared to UT-SCC-60B, a higher fluorescent signal 

was observed for UT-SCC-60A. 

Comparison of SPION internalization
To compare the magnetic properties of Resovist with UL-D 

nanoparticles, the magnetic properties of the particles were 

analyzed by magnetic particle spectroscopy (MPS) before 

using them for cell experiments. In MPS, the particles 

are subjected to a sinusoidally varying magnetic field. 

The magnetization response of the particles, however, is 

a non-linear periodic signal due to the superparamagnetic 

properties of the particles. As a result, the time signal of the 

particle magnetization was a distorted sine wave containing 

harmonics of the fundamental frequency of the excitation 

field in the Fourier space. Decay of these harmonics was a 

quality measure of the particles; specifically, the slower the 
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decay the better the particle quality for application in MPI. 

Since the non-linearity of particle magnetization is related 

to iron-core diameter, this parameter can be estimated by 

solving the inverse problem based on the parameters of the 

Langevin theory.9 It can be seen in Figure 8 that UL-D out-

performed Resovist. The estimated core diameter of UL-D 

based on the slope of the MPS measurements was between 

10 nm and 15 nm.

To evaluate nanoparticle uptake, we performed MPS 

measurements (Figure 8). UT-SCC-60A cells were incubated 

with either 0.9 mM Resovist or UL-D. To summarize, all 

measured iron events were low but cells incubated with 

Resovist showed a higher signal than UL-D-treated cells.

To assess and compare SPION uptake, an immunohis-

tological method was used. Labeled cells were stained for 

dextran to illustrate the efficient uptake of SPIONs into the 

cellular lumen of the two HNSCC cell lines. Two hours 

after their application, the uptake of UL-D and Resovist into 

both cell lines was initially detected (data not shown), with 

maximum uptake visible after 24 hours (Figure 9). SPIONs 

seemed to be unspecifically phagocytized and were localized 

within the cell in a dose-dependent manner. Uptake efficiency 

was dependent on the type of SPION. Resovist uptake was 

much higher than UL-D uptake. 

Physiological effects 
To investigate whether the SPIONs were involved in the 

generation of ROS in HNSCCs, we measured their produc-

tion using DCFH-DA. In the presence of ROS, a fluorescent 

form is built that can be detected. None of the nanoparticles 

showed any indication of causing increased levels of intracel-

lular ROS (Figure 10). Cells incubated with UL-D or Resovist 
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showed similar mean values of fluorescent units compared 

to control cells, whereas cells treated with H
2
O

2
 as positive 

controls depicted ROS induction. There were no instances 

of oxidative stress caused by SPIONs.

The release of the inflammatory cytokines IL-6, IL-8, 

IL-1β, and TNF-α was analyzed. Cytokines IL-6 and IL-8 

are involved in oncogenic processes such as anti-apoptosis, 

angiogenesis, and metastasis. In human cancer, TNF-α is 

often dysregulated and plays an important role in systemic 

inflammation processes. We were able to demonstrate that 

the expression profiles of IL-6, IL-8, and TNF-α were not 

influenced by the presence of nanoparticles (data not shown). 

Cytokine IL-1β contributes to tumor invasion and metasta-

sis. Our data clearly showed that incubation with Resovist 

nanoparticles led to a strongly increased expression of IL-1β 

in UT-SCC-60A (Figure 11), whereas it had no significant 

influence on cytokine secretion in UT-SCC-60B. Incubation 

with UL-D nanoparticles did not affect cell response. 

Discussion
Desired SPION characteristics for use in MPI are narrow 

particle size and high magnetization response to achieve 

technical relevance. Until now, no commercially available 

SPION could provide high spatial resolution and high sensi-

tivity when used with MPI.19 The MPI tracer UL-D imparts 

an optimal homogeneous diameter and ideal size distribution. 

However, before considering in vivo applications, evalu-

ation of the biocompatibility and uptake efficiency of the 

nanoparticles is required.

In the current study, we compared the labeling possi-

bilities of UL-D and the pre-established tracer Resovist for 

MPI. SPION uptake efficiencies and toxicities were assessed 
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Figure 6 Cell viability of HNSCC cells UT-SCC-60A (A and C) and UT-SCC-60B (B and D).
Notes: Cell viability was determined using Annexin V-APC/PI staining by flow cytometry after incubation with both types of SPIONs (UL-D and Resovist®) at different 
concentrations (0.2 mM, 0.5 mM, 0.9 mM, 1.8 mM Fe) over 120 hours. Data are expressed as means ± standard deviation from three experiments as % of unlabeled 
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nanoparticles; SPION, superparamagnetic iron oxide nanoparticle.
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Notes: Nanoparticle internalization into HNSCCs was analyzed in UT-SCC-60A and UT-SCC-60B cells with rhodamine-labeled UL-D (0.9 mM and 1.8 mM Fe) after 
24 hours. (A) Microscopy analysis of labeled and unlabeled cells. Nuclei were counterstained with DAPI. (B) Fluorescent histogram profile of labeled cells compared to 
unlabeled control cells by flow cytometry. Each x-axis shows a log scale of the fluorescence intensity.
Abbreviations: HNSCC, head and neck squamous cancer cells; APC, allophycocyanin; DAPI, 4’,6-diamidino-2-phenylindole; UL-D, University of Luebeck-Dextran coated 
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using HNSCC cell lines. Both SPIONs were internalized into 

tumor cells, although Resovist was more efficiently taken 

up, which was confirmed by MPS and microscopy. Cell 

viability and proliferation, formation of ROS, and release of 

cytokines IL-1β, IL-6, IL-8, and TNF-α were not affected in 

any way by UL-D labeling. In fact, MTT assay showed that 

the metabolic activity of HNSCC cells decreased in a dose- 

dependent manner. Resovist also negatively influenced cell 

proliferation and viability, as well as metabolic activity. The 

presence of oxidative stress and the release of TNF-α, IL-6, 

and IL-8 showed the same characteristics as the control cells. 

However, a change in IL-1β concentration was observed in 

the supernatants of UT-SCC-60A cells labeled with Resovist. 

These data confirm that Resovist leads to a stronger alteration 

of HNSCC’s biological properties compared to UL-D. Thus, 

UL-D nanoparticles showed better biocompatibility whereas 
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the higher unspecific Resovist uptake by HNSCC was linked to 

negative biological influences. Instead, UL-D depicted a lesser 

internalization thought sufficient for MPI measurements. 

Contrast agent iron oxide nanoparticles have been used 

for over 50 years.29 Important characteristics are size and 

surface of the nanoparticles as well as surface chemistry. 

Nanoparticle requirements for use in biomedical applica-

tions are high magnetization value, size 100 nm, narrow 

particle size distribution, and specific surface coating.30 

A common method for synthesizing magnetic nanoparticles 

is chemical synthesis, in particular a co-precipitation of iron 

oxide in an alkaline solution.20,31 Aqueous solution as a sus-

pension medium offers stability to the SPIONs by means of 

ion interactions. The ability to agglomerate is reduced but 

not completely prevented.20 Nanoparticles of ~100 nm have 

different magnetic properties than the corresponding bulk 

Figure 9 Cellular uptake of UL-D and Resovist®-labeled tumor cells. 
Notes: UT-SCC-60A cells were incubated with 0.2 mM, 0.5 mM, and 0.9 mM Fe UL-D and Resovist® for 24 hours, stained with anti-dextran, and analyzed by microscopy.
Nuclei staining by H&E. The manufacturer of Resovist® is Bayer Schering Pharma AG, Leverkusen, Germany.
Abbreviations: H&E, hematoxylin and eosin; UL-D, University of Luebeck-Dextran coated superparamagnetic nanoparticles.
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material. Superparamagnetic materials have properties that 

are characteristic of paramagnetic substances and ferromag-

netic materials. If there is no external field applied, super-

paramagnetic materials have no permanent arrangement of 

their elementary magnetic dipoles. Then again, these super-

paramagnetic materials have a high magnetic susceptibility to 

an external magnetic field. Superparamagnetic behavior can 

only be observed when the magnetic domains are physically 

separated and do not interact with each other. We initially 

characterized the UL-D core; without a coating, the nano-

particles aggregated. Core diameters were between 10 nm 

and 17 nm as determined by AFM and between 16 nm and 

18 nm as measured by MPS; they displayed a homogeneous 

core comparison to other SPIONs.32,33

Uncoated particles can also induce toxicity whereas 

coated particles are more biocompatible and prevent 

aggregation.10 In the case of polymer-coated SPIONs, it was 

shown that they had the least impact on cell viability and cel-

lular function.34 The widespread coating material dextran was 

used to coat the UL-D nanoparticles. For this purpose, iron 

ions were precipitated in the presence of dextran. Dextran 

stabilizes the colloidal solution, thereby creating many pos-

sibilities for further modifications of the surface.35,36 To use 

SPIONs in biomedical applications, they should not exceed a 

certain size. The hydrodynamic diameter needs to be as small 

as possible to allow an unhindered circulation in the blood 

stream after injection of magnetic particles. The hydrody-

namic diameter of UL-D was between 83.5 nm and 86 nm, 

which turned out to be stable for over 2 weeks. According 

to size classification, the nanoparticles belong to standard-

size SPIONs, which have an overall diameter of 50 nm to 

150 nm. Particle size is important for intracellular uptake and 
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elimination from the body. SPIONs of 200 nm diameter 

are captured by the spleen and liver, whereas nanoparticles 

of 10 nm are selectively filtered by the renal system and 

thus eliminated from the body.37 

An advantage of dextran as a coating is its long plasma 

half-life because it enhances blood circulation time. Dextran 

is a polysaccharide polymer mostly used because of its bio-

compatibility. Dextran-coated SPIONs have been shown to 

accumulate in various types of cells, including cancer cells, 

and have been used in clinical settings for a long time.38–41 

This process can be quick; that is, labeling takes only a few 

minutes. The nanoparticles were internalized depending on 

tumor cell size and morphology, which led to widespread 

heterogeneity.42-45 For instance, some cancer cells solely 

internalized during division.46

As opposed to dextran, Resovist is coated with carboxy-

dextran and is a liver-specific magnetic resonance contrast 

agent. It is available in a solution that contains substances 

that stabilize nanoparticles for at least 3 years. It is accumu-

lated by phagocytosis in the cells of the reticuloendothelial 

system of the liver. This particular feature enables the diag-

nostic detection of small liver lesions, liver metastases, and 

small differentiated liver tumors.47–49 In the current study, 

we showed a higher internalization of Resovist compared 

to UL-D in the HNSCC cells. The surface materials (ie, 

UL-D or Resovist) seemed to be responsible for the varying 

unspecific uptake efficiency. A previous study described 

that carboxydextran-coated nanoparticles appeared to be 

more frequently internalized by macrophages than dextran-

coated SPIONs. In addition, there was no influence on cell 

activation.50,51 It could be possible that nanoparticles were 

recognized as a foreign substance followed by activation 

of an immune cascade and secretion of diverse cytokines.52 

In the current study, cytokine IL-1β was more efficiently 
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secreted after exposure to Resovist whereas the release of 

IL-6, IL-8, and TNF-α were not influenced. It was shown that 

high concentrations of Resovist (100 µg/mL) resulted in an 

increase in secretion and mRNA expression of proinflamma-

tory cytokines IL-6, IL-1β, and TNF-α in murine peritoneal 

macrophages.53 Ferumoxide in a concentration of 500 µg/mL 

has been shown to also increase IL-1 production in mouse 

peritoneal macrophages.54 Other studies have not observed 

increased release of cytokines.51,55

Our in vitro study suggests that UL-D nanoparticles are 

biosafe and biocompatible but in vivo experiments need to 

be performed. The remaining question is what happens after 

SPION use. Because of their size and coating, the particles 

are internalized into tissues and organs where they can impact 

cellular processes and pathways.56 Further experiments are 

necessary to confirm whether UL-D nanoparticles influence 

and impact human biological properties.

MPI is still in its early stages of development and there 

is evidence of its many potential applications. One possible 

application is in the diagnosis of diseases by identifying 

through imaging various illnesses that involve alterations 

of organs and tissue.57 Early detection of tumor cells by 

MPI using tracers that accumulate in the cells is possible.58 

Patients could benefit from more detailed MPI measurements 

of primary tumor cells and metastatic tissue. The advantages 

for diagnosis and therapy would be immense. 

In addition, detection of lymph node metastases would be 

possible due to SPIONs’ internalization by macrophages and 

their transportation to lymph nodes.59 Compared to normal 

lymph nodes, metastasized lymph nodes lack macrophages. 

Imaging is of great importance for staging of tumors since 

it affects prognosis and allows therapeutic regimes to be 

optimized.18,60 MPI enables visualization of UL-D nano-

particles with high sensitivity and resolution, thus enabling 

evaluation of the efficiency and tolerance of the nanopar-

ticles. Since neither therapy nor diagnostics of HNSCC have 

changed during the past few years, MPI represents a new, 

effective, and innovative imaging approach with great poten-

tial for future improvement of diagnostic strategies. However, 

molecular diagnosis and detection of cancer by optical fitting 

imaging is only one possible application.61 SPIONs can also 

be heated and used in hyperthermia therapy.62 

Quantitative imaging of SPION distribution is possible 

with MPI, and can increase treatment quality and safety. 

Furthermore, MPI could provide images that show concen-

trations and temperature of SPIONs.19 In addition to these 

medical applications, MPI as a contrast agent is a useful 

tool for cell tracking. MPI visualizes tracer distribution by 

detecting nonlinear response and can thus be used to track 

the migration of SPION-labeled cells. The proliferation and 

migration of these transplanted labeled cells can be monitored 

in vivo.63 In the current study, SPIONs were easily labeled 

with UL-D because of their natural characteristic to internalize 

nanoparticles. An MPI scanner for animal use should be ready 

for use in the near future. Our goal is to trace the migration of 

UL-D-labeled cells in mice. As a different application, coating 

of UL-D could be further functionalized with biomolecules 

for use in other biological applications. Antibodies, peptides, 

small molecules, and targeting ligands can be bound, and 

internalization the SPIONs or attachment to the cell surface 

can be used for cell labeling.21 These well-suited SPIONs 

could also be utilized to detect specific cell subpopulations and 

classify patients. Such a personalized treatment for HNSCC 

patients could improve clinical management and outcomes.

Conclusion
In summary, we have demonstrated that UL-D nanoparticles 

are biocompatible, have good superparamagnetic behavior, 

and are suitable for tracer-based MPI technologies. HNSCCs 

could be labeled with UL-D nanoparticles since they are taken 

up unspecifically; labeled cells were measured by MPS. In 

addition, UL-D particles seemed to be more effective than 

Resovist as a contrast agent. Our study demonstrated that 

MPI and corresponding UL-D nanoparticles offer a promis-

ing tool for in vivo cancer research and innovative diagnostic 

and therapeutic approaches.
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