
© 2018 Unterweger et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2018:13 1899–1915

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1899

O r i g in  a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S156528

Dextran-coated superparamagnetic iron oxide 
nanoparticles for magnetic resonance imaging: 
evaluation of size-dependent imaging properties, 
storage stability and safety

Harald Unterweger,1 László 
Dézsi,2,3 Jasmin Matuszak,1 
Christina Janko,1 Marina 
Poettler,1 Jutta Jordan,4 
Tobias Bäuerle,4 János 
Szebeni,2,3 Tobias Fey,5 Aldo 
R Boccaccini,6 Christoph 
Alexiou,1 Iwona Cicha1

1ENT Department, Section of 
Experimental Oncology and 
Nanomedicine (SEON), Else Kröner-
Fresenius-Stiftung Professorship, 
Universitätsklinikum Erlangen, 
Erlangen, Germany; 2Nanomedicine 
Research and Education Center, 
Institute of Pathophysiology, 
Semmelweis University, Budapest, 
Hungary; 3SeroScience Ltd., Budapest, 
Hungary; 4Institute of Radiology, 
Preclinical Imaging Platform Erlangen, 
Universitätsklinikum Erlangen, 
Erlangen, Germany; 5Institute of Glass 
and Ceramics, Department of Materials 
Science and Engineering, University 
Erlangen-Nuremberg, Erlangen, 
Germany; 6Institute of Biomaterials, 
Department of Materials Science 
and Engineering, University Erlangen-
Nuremberg, Erlangen, Germany

Background: Rising criticism of currently available contrast agents for magnetic resonance 

imaging, either due to their side effects or limited possibilities in terms of functional imaging, 

evoked the need for safer and more versatile agents. We previously demonstrated the suitability 

of novel dextran-coated superparamagnetic iron oxide nanoparticles (SPIONDex) for biomedical 

applications in terms of safety and biocompatibility.

Methods: In the present study, we investigated the size-dependent cross-linking process of 

these particles as well as the size dependency of their imaging properties. For the latter pur-

pose, we adopted a simple and easy-to-perform experiment to estimate the relaxivity of the 

particles. Furthermore, we performed an extensive analysis of the particles’ storage stability 

under different temperature conditions, showing their superb stability and the lack of any signs 

of agglomeration or sedimentation during a 12 week period.

Results: Independent of their size, SPIONDex displayed no irritation potential in a chick cho-

rioallantoic membrane assay. Cell uptake studies of ultra-small (30 nm) SPIONDex confirmed 

their internalization by macrophages, but not by non-phagocytic cells. Additionally, comple-

ment activation-related pseudoallergy (CARPA) experiments in pigs treated with ultra-small 

SPIONDex indicated the absence of hypersensitivity reactions.

Conclusion: These results emphasize the exceptional safety of SPIONDex, setting them apart 

from the existing SPION-based contrast agents and making them a very promising candidate 

for further clinical development.

Keywords: CARPA, cross-linking, irritation potential, MRI, SPION, storage stability

Introduction
The development of suitable imaging modalities is one of the key requirements to 

detect diseases at the earliest possible stage, select an appropriate dose and timing of 

the therapy, and monitor the disease progression. One of the most important imaging 

tools in this regard is magnetic resonance imaging (MRI), which utilizes magnetic 

fields instead of ionizing radiation to excite protons. It also possesses acceptable spa-

tial resolution and soft tissue contrast.1 In order to significantly enhance the contrast 

and to extend the application area of MRI, contrast agents are required. Since these 

agents are applied intravenously, certain prerequisites must be fulfilled, including 

low toxicity, good biocompatibility, suitable imaging properties, blood stability, as 

well as a defined biodistribution and elimination.2 Gadolinium-based contrast agents 

(GBCAs) are the current “gold standard” in MRI. However, despite their acceptable 
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imaging properties as bright contrast agents, their functional 

imaging possibilities are very limited. Besides, GBCAs are 

often associated with side effects, usually due to the release 

of toxic gadolinium ions. Apart from minor side effects dur-

ing administration, the use of GBCAs is also accompanied 

by an increased risk to renally impaired patients because of 

gadolinium retention in liver, spleen, heart, skin, kidneys, and 

bladder, which can lead to nephrogenic systemic fibrosis.3,4 

Moreover, cerebral accumulation of gadolinium in patients 

with preexisting renal dysfunction can also trigger transient 

signs of neurological disorders.5 Recently, several studies 

demonstrated that upon repeated administration of GBCAs, 

their deposition in central nervous system structures of 

patients with normal renal functions occurs.6,7 These concerns 

prompted the Pharmacovigilance Risk Assessment Com-

mittee (PRAC) of the European Medicines Agency (EMA) 

to recommend the suspension of the marketing authorities 

for four linear GBCAs in March 2017.8 To answer to the 

need for safer MRI contrast agents, several approaches 

have been proposed in the recent years. As in many other 

research fields, these developments were supported by the 

introduction of nanotechnology-based approaches and nano-

materials. In general, nanomaterials are defined as natural 

or engineered materials with at least one characteristic size 

in the range between 1 and 100  nm. Properties of nano-

materials significantly differ from their conventional bulk 

forms due to this characteristic size, although they possess 

the same chemical composition.9 Superparamagnetic iron 

oxide nanoparticles (SPIONs) represent one of the promising 

candidates that emerged from these developments. Due to 

their size-dependent change in magnetic properties, they have 

potential to be used in many diverse applications, especially 

in medicine. SPIONs have strong T
2
 time and T

2
* time effects 

in MRI (ie, they produce dark contrast) and are detectable 

at relatively low concentrations. This allows an increase in 

MRI sensitivity almost to the cellular level and enables their 

use for in vivo cell visualization and tracking.10–12 Until now, 

three SPION-based agents have been clinically approved as 

intravascular contrast agents for MRI, namely, ferumoxide 

(trade names: Feridex, Endorem), ferucarbotran (trade name: 

Resovist), and ferumoxtran-10 (trade name: Sinerem). These 

contrast agents were in the clinical use for diagnostic applica-

tions such as imaging of lymph nodes, intestine, liver, and 

the cardiovascular system.13–15 The administration of these 

particles was reportedly associated with characteristic side 

effects, most commonly hypertension and leg pain, observed 

in 10% of ferumoxide- and 7.1% of ferucarbotran-receiving 

patients.16 Both agents were withdrawn from the market, 

mainly due to economic reasons, although diagnostic issues 

were also involved, leaving the need for T
2
 and T

2
* time 

contrast agents unanswered.

In our previous study,17 we described a novel SPION-

based contrast agent, characterized by a remarkable 

biocompatibility and non-immunogenicity. Its safety and size 

tunability make it a highly interesting nanosystem for many 

imaging applications. In the current study, we closely investi-

gated the synthesis optimization of these particles. In addition, 

we evaluated the relaxivity of differently sized particles and 

examined their storage stability under different temperature 

conditions. Subsequently, we tested the particle uptake in 

human endothelial and monocytic cells and determined 

their irritation potential in a chick chorioallantoic membrane 

(CAM) assay. Finally, we evaluated the risk of hypersen-

sitivity reactions by performing complement activation-

related pseudoallergy (CARPA) reaction tests in pigs.

Methods
Particle synthesis
In order to investigate the size-dependent imaging properties of 

dextran-coated SPIONs (SPIONDex), five different sizes, rang-

ing from 30 to 130 nm, were fabricated according to a cold gela-

tion method as previously described.17 The typical synthesis 

steps, leading to production of particles with a hydrodynamic 

diameter of ~50 nm, are briefly described here. In the begin-

ning, 150 mM iron in the form of FeCl
3
 and FeCl

2
 was dissolved 

in a 10 wt% T-40 dextran solution. The formed solution was 

cooled in an ice bath, and the particle formation was initiated 

by the addition of ice-cooled 25 vol% ammonia. Afterward, 

the particles were heated and kept at 75°C for 30 minutes, 

followed by cooling to room temperature. Subsequently, the 

suspension was purified by dialysis and ultrafiltration.

In the next step, the dextran layer was cross-linked with 

epichlorohydrin (ECH) to ensure an enhanced particle sta-

bility. To investigate the optimal cross-linking conditions, 

three differently sized SPIONDex, ie, with sizes of 30, 50, 

and 80 nm, were used. Briefly, particles with an iron con-

centration range between 1 and 5 mg/mL were treated with 

ECH (5–20 vol%) under stirring for different time periods 

(0.5–24 h). After cross-linking, particles were again purified 

and concentrated via dialysis and ultrafiltration, leading to a 

colloidally stable particle suspension. Finally, the particles 

were sterile filtered through 0.22 µm syringe filters and stored 

at 4°C until further use.

Dynamic light scattering and 
determination of isoelectric point (IEP)
The hydrodynamic size of the particles was measured using a 

Nanophox device (Sympatec, Clausthal-Zellerfeld, Germany) 
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by dynamic light scattering in a cross-correlation mode. 

The two He–Ne laser beams were operated at a wavelength 

of 623.8 nm with a focus point at 90/90% (x/y). The samples 

were equilibrated at 25°C and then measured for 2 minutes 

in triplicate, and the obtained results were averaged. For the 

determination of the IEP, a Stabino titration device (Particle 

Metrix, Meerbusch, Germany) was utilized. In an aqueous 

dispersion of the particles, the iron concentration was set to 

100 µg Fe/mL and the pH was adjusted with 0.02 M HCl 

and 0.02 M NaOH. A 400 µm piston, with a mixing time 

of 10 seconds and a titration volume of 10 µL, was used for 

the measurement. The measurements were performed in 

triplicate, and the results were averaged.

Atomic emission spectroscopy (AES) and 
magnetic characterization
Iron concentrations of the samples were acquired with an 

AES device (MP-4200; Agilent Technologies, Santa Clara, 

CA, USA). For this purpose, samples were dissolved in 

nitric acid at 95°C for 10 minutes and afterward diluted with 

water. The concentration was determined by comparing the 

emission of the samples at 372 nm with the values from a 

calibration curve, which was derived from a commercial iron 

standard. The experiment was performed in triplicate, and 

the results were averaged.

The solid content of the particles was determined by 

measuring the weight before and after water evaporation of 

aliquots. With this result and by taking the iron concentra-

tion into account, the ratio of organic layer to iron oxide core 

within the different colloids was calculated.

The particles’ magnetic properties were evaluated 

by measuring the volume susceptibility with an MS2G 

magnetic susceptibility device (Bartington Instruments, 

Witney, UK). It was necessary to acquire the susceptibility 

of the particles at a fixed iron concentration, in this case 

1 mg Fe/mL in an aqueous solution, because the magnetic 

susceptibility of a particle dispersion is dependent on 

the particle concentration. In addition, to investigate the 

behavior of the susceptibility in complex media such as 

blood, selected particles were dispersed in freshly drawn, 

EDTA-anticoagulated blood from human volunteers. After 

24 h of incubation, concentration-related measurements 

were performed, with water-dispersed particles as a con-

trol. The experiment was performed in triplicate, and the 

results were averaged.

Fourier transform infrared spectroscopy
To analyze the cross-linking efficiency, Fourier transform 

infrared spectroscopy (FTIR) spectra were collected using 

the Alpha FTIR device (Bruker Optics Inc, Billerica, MA, 

USA) in the mid-infrared region from 4,000 to 400 cm−1 in 

the KBr mode. For this purpose, 2 mg of lyophilized particles 

were ground with 200 mg KBr and pressed into a pellet. 

For each sample, 128 spectra were recorded and averaged. 

All spectra were normalized to the C-O-C band of dextran 

at  ~1,006  cm−1 in order to compare the intensities of the 

single bands.

X-ray diffraction (XRD)
θ/2θ XRD measurements were performed with a D500 

XRD device (Bruker Optics Inc). The Cu⋅Kα
1
 beam 

(λ=0.15406 nm) was used as an X-ray source in an angular 

range between 25° and 80° with a step size of 0.02°/s. Using 

Bragg’s law, the interplanar spacing d
hkl

 and the lattice 

parameter α for cubic crystal structures can be determined 

as follows:18

	
d

hkl
= =

+ +
λ

θ
α

2 2 2 2sin h k l �
(1)

with θ as the diffraction angle and h, k, and l as the Miller 

indices of the diffraction plane.

The crystallite size D
XRD

 of the sample can be calculated 

from the Debye–Scherrer formula:

	
D

XRD cos
=

0 9. λ
β θ⋅ �

(2)

where β is the full-width at half maximum value of the XRD 

diffraction lines.18

In order to distinguish between size and strain broadening 

of the XRD peaks, the Williamson–Hall method was applied, 

which can be expressed using the following equation:19

	

β θ
λ

ε θ
λ

⋅
+

cos sin

WH

=
⋅1 4

D
�

(3)

By plotting β θ
λ

⋅cos  vs 4sinθ λ , the crystal size according 

to Williamson–Hall D
WH

 and the strain ε can be obtained by the 

intercept and the slope of the acquired line.

MRI analyses
MRI measurements were performed at room temperature, 

with a 7 T MRI ClinScan®, equipped with a circular polar-

ized 1H mouse whole body radiofrequency (RF) coil and 

a corresponding animal bed (Bruker BioSpin, Ettlingen, 

Germany). Table 1 summarizes the sequence parameters 
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used to measure T
1
, T

2
, and T

2
* times. In order to investigate 

the correlation between relaxivity and susceptibility of the 

particles, SPIONDex with five different susceptibilities, ie, 

different particle sizes, were used. The particles at different 

iron concentrations (0–10 µg/mL) were filled in 0.25 mL 

microcentrifuge tubes containing 1 vol% agarose. To reduce 

the vibrations during the measurement, the tubes were addi-

tionally embedded in 5 vol% agarose. The MRI sequences 

were consecutively repeated five times, while imaging and 

calculation of relaxation times in voxel-by-voxel relaxation 

time maps were performed using the syngo® MR software 

(Siemens Healthineers, Erlangen, Germany). Analysis 

was performed with OsiriX (aycan Digitalsysteme GmbH, 

Würzburg, Germany). After MRI, the iron concentrations 

of the particle-containing gels were again determined to 

calculate the exact concentration. From the relaxation time T, 

the relaxation rate R was determined as:20

	
R =

1

T �
(4)

Determination of the relaxation rate for different iron 

concentrations was used to calculate the relaxivity r, as 

described using the following equation:20

	
R r R= +⋅c

np d �
(5)

where c
np

 is the iron concentration of the particles and R
d
 is 

the diamagnetic relaxation rate of the dispersion medium. The 

experiments were performed three times in triplicate, ie, in 

total nine repetitions, and the results were averaged.

Storage stability
SPIONDex with three different sizes (~30, ~50, and ~80 nm) 

were stored at 4, 20, or 37°C for 12 weeks. Size, ζ poten-

tial, pH, FTIR spectra, susceptibility, and iron content of 

the supernatants were examined weekly, according to the 

methods described previously in this paper. In addition, the 

color change of the particles was determined with a Libra S22 

UV/Vis spectrophotometer (Biochrom, Berlin, Germany) 

in the range between 300 and 800  nm. Furthermore, the 

osmolarity of undiluted particle dispersions was measured 

with an OM15 osmometer (Vogel Medizintechnik, Fern-

wald, Germany). Prior to these measurements, the device 

was calibrated with water and a 300 mOsm standard NaCl 

solution. All experiments were performed in triplicate, and 

the results were averaged.

Cell culture
Human umbilical vein endothelial cells (HUVECs) were 

isolated from freshly collected umbilical cords, kindly 

provided by Prof Beckmann (Department of Gynecol-

ogy, Universitätsklinikum Erlangen, Erlangen, Germany), 

using an established technique.21 The cells were cultured in 

endothelial cell growth medium with an appropriate supple-

ment, containing 5 vol% fetal calf serum, 4 μL/mL heparin, 

10 ng/mL epidermal growth factor, and 1 μg/mL hydrocorti-

sone. HUVECs at passages 1–2 were used in all experiments. 

THP-1 monocytic cells (TIB-202; American Type Culture 

Collection [ATCC], Manassas, VA, USA) were cultured 

in Roswell Park Memorial Institute (RPMI) 1640 medium 

supplemented with 2 mM glutamine, 100 U/mL penicillin, 

100  µg/mL streptomycin, and 10  vol% fetal calf serum. 

THP-1-derived macrophages were obtained by treating 

THP-1 monocytes with 20 ng/mL phorbol myristate acetate 

for 72 hours. The resulting macrophages were washed and 

treated with different concentrations of SPIONs as described 

in the following. The use of human material was approved 

by the local ethics committee of the Universitätsklinikum 

Erlangen. All cells and cell lines were cultured at 37°C, 95% 

humidified air, and 5% CO
2
. Prior to the experiments, cells 

were counted and viability was assessed with a Muse® Cell 

Analyzer (EMD Millipore, Billerica, MA, USA).

Cell uptake of SPIONDex

To measure the uptake of SPIONDex30 (30  nm, 0–400  µg 

Fe/mL), cells were harvested 3, 6, and 24 hours after particle 

application, washed with medium, and counted with the 

Muse® Cell Analyzer. After harvesting, all samples were 

centrifuged to form a pellet, which was dissolved in 100 µL 

65% nitric acid at 95°C for 10 minutes. After the addition 

of 450 µL water, the iron concentration of the samples was 

determined by AES as described earlier. The measured iron 

concentrations were normalized to the cell number of the 

Table 1 MRI sequence parameters used in this study

Parameters T1 time T2 time T2* time

Sequence type FLASH 2D spin echo FLASH
Time to repetition (ms) 50 5,000 250
Time to echo (ms) 2.5 8.7, 17.4, 26.1, 

34.8, 43.5
3.19, 7.18, 11.17, 
15.16, 19.15

Flip angle (°) 8, 42 180 40
Acquisition matrix (px⋅px) 192×168 192×168 192×168
Acquisition time (minutes) 5:03 42:05 42:09
Field of view (mm2) 34×39 34×39 34×39
Slice thickness (mm) 0.5 0.5 0.5

Notes: T1: longitudinal relaxation time; T2: tranversal relaxation time; T2*: 
transversal relaxation times with field inhomogeneities.
Abbreviations: MRI, magnetic resonance imaging; FLASH, fast low-angle shot.
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samples. Experiments were performed in triplicate, and 

the results were averaged. The statistical significance was 

investigated using one-way analysis of variance (ANOVA; 

*p,0.05, **p,0.005, and ***p,0.001).

Chick CAM assay
The irritation potential of SPIONDex (6.6 mg Fe/mL) was 

tested with a CAM assay, as described by Luepke.22 Briefly, 

fertilized, pathogen-free eggs (VALO Biomedia, Osterholz-

Scharmbeck, Germany) were incubated at 37.5°C±0.5°C 

and a relative humidity of 55%±7% (JANOEL8-48; WilTec, 

Eschweiler, Germany). At day 10, a hole with a diameter 

of 2 cm was made at the air cell’s position. The inner egg 

membrane was carefully removed, exposing the vascularized 

CAM. Then, 100 µL of the undiluted test sample was pipetted 

onto CAM, followed by incubation for 5 minutes. Afterward, 

the CAM was analyzed for potential irritant effects, including 

hyperemia, hemorrhage, and coagulation, which were scored 

from 0 (no effect) to 5 (very strong effect). Sodium dodecyl 

sulfate (SDS; 0.5 wt%) was used as a positive control and PBS 

as a negative control. The experiment was repeated three times 

for every substance, and the resulting scores were averaged.

CARPA reaction
The analysis of CARPA reaction to SPIONDex infusion was per-

formed according to established protocol by Szebeni et al.23 In 

short, domestic male Yorkshire pigs (20–25 kg) were intubated 

with endotracheal tubes in order to maintain the respiratory 

passages free and were anesthetized with 2–3 vol% isoflurane 

in oxygen. The body temperature was measured rectally, and 

the oxygen saturation was noninvasively monitored using a 

pulse oximeter fixed on the tail. A CAP10 capnograph (Med-

lab, Stutensee, Germany) was utilized to monitor the respira-

tory rate and end-expiratory CO
2
 concentration. To measure 

the pulmonary artery pressure (PAP), a Swan-Ganz catheter 

(AI-07124; Teleflex, Athlone, Ireland) was introduced into 

the pulmonary artery via the right external jugular vein. The 

systemic arterial pressure (SAP) was measured in the femoral 

artery. All test substances were injected into the animals in 

bolus via the left external jugular vein. SPIONDex with a hydro-

dynamic size of 30 nm were injected at a concentration of 0.5 

and 5 mg Fe/kg. Zymosan (0.1 mg/mL) served as a positive 

control and saline solution as a negative control. Hemodynamic 

changes were continuously monitored with an AD Instruments 

PowerLab System (Bella Vista, NSW, Australia) using Lab-

Chart Pro v6 software operated at a sampling rate of 1 kHz. 

In all, 20-second intervals of the heart rate (HR), PAP, and SAP 

were averaged and processed by AD Instruments LabChart Pro 

v6 software modules. Respective blood samples were collected 

before and after the application of the test substances, in order 

to determine the thromboxane B2 (TXB2) levels in plasma 

with enzyme-linked immunosorbent assay (ELISA; Cayman 

Chemical Co., Ann Arbor, Michigan, USA). Experiments were 

performed in duplicate. The study was approved by the local 

ethics committee (ÁTET, Hungary) for animal experimenta-

tion. The guidelines for animal welfare and animal testing 

of the Government of Hungary were followed in this study 

(Decree No 40/2013 [II. 14.]).

Results
SPIONDex were synthesized by a cold gelation process, which 

involves the coprecipitation of an ice-cold ferrous and ferric 

chloride salt solution with NH
3
 in the presence of dextran. 

As previously demonstrated, the size of the particle clusters 

can be easily tuned by varying the dextran and iron con-

centrations during the coprecipitation process.17 Another 

crucial part of the particle synthesis is the cross-linking of 

the polymer shell via ECH.

Investigation of the cross-linking reaction
For the parametrization of the cross-linking, it must be known 

whether the particle size influences this procedure. To test 

this, three differently sized particles were chosen, with differ-

ent respective curvatures and steric accessibilities for ECH to 

react. The selected sizes were ~30 nm (SPIONDex30), ~50 nm 

(SPIONDex50), and ~80 nm (SPIONDex80). At first, ECH and 

iron concentration of the particle suspensions were varied at 

a fixed reaction time of 24 hours, and the resulting change 

in hydrodynamic size was monitored (Figure  1A–C). 

An increase of ~5 nm occurred at 1 mg Fe/mL for all three 

particle sizes. With rising iron concentration, corresponding 

to a higher amount of dextran, particles behaved differently. 

While a high ECH content had only little effect on the 

hydrodynamic size of SPIONDex80 and SPIONDex50, a dra-

matic change was observed in the size of SPIONDex30. Above 

3 mg Fe/mL, as well as at higher ECH concentrations, the 

particle size grew very fast, and at the highest concentration, 

it was almost tripled. To investigate the time-dependency 

of the reaction, medium values of reactants’ concentrations 

were chosen, ie, 12.5 vol% ECH and 3 mg Fe/mL. During 

the first 6 hours, particles showed a gradual size increase, 

which went into saturation (Figure 1D). Corresponding FTIR 

measurements (Figure 1E) also demonstrated that the peak 

alteration was not significantly changed after 6 hours. For 

a more quantitative examination of the FTIR spectra, the 

intensity ratios of specific absorption peaks, indicated by red 
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arrows (1,000/1,100; 920/850; 1,345/1,450; 1,415/1,450; and 

1,275/1,450), were observed over the course of time. Again, 

within the first 6 hours of the cross-linking reaction, all ratios 

decreased and reached saturation (Figure 1F).

Structural analysis of the particles
XRD patterns were acquired to characterize the formed inor-

ganic crystalline phase (Figure 2A). In general, all spectra 

had the same peak distribution typical for the face-centered 

cubic spinel structure of magnetite (space group: Fd3
_
m), with 

a major peak at 35.4° corresponding to the (311) plane.24 

Other peaks for this crystal structure were visible at 30.1° 

(220), 43.1° (400), 53.4° (422), 56.9° (511), and 62.5° (440). 

Application of Equation 1 led to the lattice parameter of 

the particles, which are 8.374±0.008, 8.364±0.009, and 

8.395±0.003 Å for SPIONDex30, SPIONDex50, and SPIONDex80, 

respectively. Using the Debye–Scherrer formula (Equation 2), 

it was possible to attribute the peak broadenings of the XRD 

spectra to a certain crystal size. With this approach, the 

obtained results were 4.9±0.6, 4.8±0.6, and 5.5±0.6  nm 

for particles with 30, 50, and 80 nm hydrodynamic sizes. 

Besides size, microstrains were also a possible reason for 

peak broadening of the XRD peaks. To differentiate between 

those two sources of peak broadening, Williamson–Hall 

plots (Equation 3) were performed, which are displayed in 

Figure 2B–D. All samples showed a good linear correlation of 

α

Figure 1 Iron concentration-dependent change in hydrodynamic size after the cross-linking procedure for 24 hours.
Notes: SPIONDex with an initial size of ~30 nm, (A) SPIONDex30; 50 nm, (B) SPIONDex50; or 80 nm, (C) SPIONDex80, are shown. (D) Time-dependent change in hydrodynamic 
size during cross-linking process at an iron concentration of 3 mg/mL and an ECH concentration of 12.5 vol%. (E) Corresponding changes in FTIR spectra. Red arrows 
indicate the relevant peak alterations over time during cross-linking. (F) All chosen FTIR peak ratios reduce during the first 6 hours of cross-linking process and remain 
constant after that (the numbers shown in the key are the wave numbers of the respective FTIR peaks). Mean ± SD values of three independent experiments are shown.
Abbreviations: SPIONDex, dextran-coated superparamagnetic iron oxide nanoparticles; ECH, epichlorohydrin; FTIR, Fourier transform infrared spectroscopy; SD, standard 
deviation; au, arbitrary unit.
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Figure 2 (A) XRD patterns of differently sized SPIONDex show peaks typical for the spinel structure. Indexation of the peaks was performed according to Swanson et al24 
and Morris et al.31 (B–D) Corresponding Williamson–Hall plots show a negative slope in all three samples, which is indicative of relaxed crystallites. (E) ζ potential as a 
function of pH in three differently sized SPIONDex.
Abbreviations: XRD, X-ray diffraction; SPIONDex, dextran-coated superparamagnetic iron oxide nanoparticles; au, arbitrary unit; θ, diffraction angle.

the data points with a negative slope. With the Williamson–

Hall method, the obtained crystallite sizes were 4.2, 4.3, and 

4.5 nm for SPIONDex30, SPIONDex50, and SPIONDex80, respec-

tively. Assuming that the particles’ core exists completely in a 

magnetite form, the dextran-to-magnetite ratio varied with an 

increasing size from 13.1%±1.5% (w/w) over 28.1%±1.7% 

to 30.4%±2.4% (data not shown). The ζ potential as a func-

tion of pH is displayed in Figure 2E. Regardless of size, the 
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mean curve for all three samples was similar, with an IEP 

at ~4.6. At lower pH values, the ζ potential reached a weak 

positive charge with ~5 mV, and at high pH, the ζ potential 

was reduced to -8 mV.

Imaging properties
One of the advantages of SPIONDex is that their size can be 

easily tuned by modifying the synthesis parameters and, as 

previously shown, that the achieved particle sizes are also in 

good correlation with their volume susceptibility.17 In order 

to analyze the relation between susceptibility and relaxivity 

for SPIONDex, particles with five different hydrodynamic 

sizes (30, 40, 50, 80, and 130 nm) were produced and the 

respective susceptibilities were chosen for assessing their 

imaging properties as described by T
2
 and T

2
* times and also 

T
1
 relaxation time map images (Table S1). For this purpose, 

the relaxation times of the samples, which were dispersed into 

agarose gels to achieve different iron concentrations, were 

measured using a 7 T MRI. While the data on the relaxation 

rate R
1
 and relaxivity r

1
 showed large standard deviations 

(SDs) and a poor correlation (Figure 3A and B), the data for 

R
2
 relaxation rates (Figure 3C and D) and R

2
* relaxation rates 

(Figure 3E and F) demonstrated an increase in relaxation 

rate with increasing iron concentration. Furthermore, a good 

quadratic correlation between relaxivity and susceptibility 

was observed. With a higher susceptibility, in this case cor-

responding to a larger particle size, the relaxivity values 

increased, ranging from 46.8 to 207.4 mM−1s−1 for r
2
 and 

from 105.8 to 319.2 mM−1s−1 for r
2
*, respectively.

Storage stability
Because of their high surface-to-volume ratio, nanoparticles 

in general, and SPIONs in particular, have the tendency to 

agglomerate or sediment over time. This process can be 

prevented by a strong stabilizing coating, but it has also been 

shown that handling and storage conditions can significantly 

influence the behavior of nanoparticles.25 The influence of 

different storage conditions on the synthesized SPIONDex 

was assessed by storing 30, 50, and 80  nm particles for 

12 weeks at three different temperatures, namely, 4, 20, or 

37°C. After each week, the physicochemical properties of 

the particles were investigated. Over the course of time, no 

major differences related to the hydrodynamic size of the 

particles were observed, which is why only the example 

results of SPIONDex30 are presented here. Figure 4A shows 

that the different storage temperatures did not influence the 

hydrodynamic size of the particles. However, there was 

a temperature- and time-dependent change in color from 

brown-black to reddish-brown (Figure 4B), which was 

more pronounced at higher storage temperatures. The color 

change was quantified with relative absorbance at 478 nm by 

UV/Vis measurements (Figure 4C). After 12 weeks at 4°C, 

the original absorbance was reduced by 3% only (to 97%), 

but at 20°C, it was decreased over 12 weeks to 88%, and at 

37°C, it was rapidly reduced to 84% and remained constant 

after that. XRD spectra were recorded in order to check if 

the change in color could be attributed to an alteration in the 

crystal structure (Figure 4D). Concerning peak positions and 

ratios, no significant differences between a sample that was 

stored at 37°C for 12 weeks and the freshly prepared sample 

were detected. However, after the storage, the calculation 

of the lattice constant resulted in 8.346±0.006  Å and the 

calculated crystallite size according to the Debye–Scherrer 

formula was 5.4±0.2 nm. Performing the Williamson–Hall 

plot (not shown) revealed a negative slope with a crystallite 

size of 4.7 nm. Taking the time- and temperature-dependent 

behavior of the change in susceptibility into account, it was 

possible to see a reduction in the value corresponding to the 

change in color (Figure 4E). Nevertheless, the FTIR spectra, 

hence the chemical surface of the particles, were not altered 

during the storage (Figure 4F).

Cell uptake
To evaluate the uptake of SPIONDex30 in THP-1 monocytic 

cells, macrophages, and HUVECs, the cells were incubated 

with different particle concentrations (25–400 µg/cm2) for 

3, 6, and 24  hours. As expected, the highest uptake was 

observed for the phagocytic macrophages, leading to two-

fold (3  hours), fivefold (6  hours) and 11-fold (24  hours) 

increase in the iron load per cell in comparison to the control 

without particles (Figure 5). This led to maximum values of 

3.5 pg Fe/cell. In HUVECs and THP-1 cells, the uptake was 

far less pronounced. For HUVECs, a significant increase was 

observed only at the highest concentration after 24 hours 

(400 µg/cm2). The incubation of HUVECs with 400 µg/cm2 

for 24  hours resulted in an iron load of 0.5  pg Fe/cell, 

corresponding to three- to fourfold increase in the basal iron 

level. Cellular uptake of SPIONDex30 in THP-1 cells did not 

increase over time, but at the highest tested concentration, 

values of 0.15  pg Fe/cell were reached, corresponding to 

approximately two- to threefold increase in the basal iron 

level, independent of the incubation time.

Irritation potential and CARPA reactions
The irritation potential of SPIONDex with different sizes 

(30, 50 and 80 nm) was investigated using the CAM assay. 
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Figure 3 7 T MRI-derived relaxation rates as a function of particle size and iron concentration.
Notes: Corresponding correlation between calculated relaxivity and particles’ volume susceptibility for T1 (A and B), T2 (C and D), and T2* (E and F) relaxation time map 
sequences is shown. Mean ± SD values of three independent experiments performed in triplicate are shown. T1: longitudinal relaxation time; T2: tranversal relaxation time; 
T2*: transversal relaxation times with field inhomogeneities.
Abbreviations: MRI, magnetic resonance imaging; T, relaxation time; SD, standard deviation; R, relaxation rate; SPIONDex, dextran-coated superparamagnetic iron oxide 
nanoparticles; r, relaxivity.

Five minutes after the application of the particles (100 µL, 

iron concentration =6.6 mg/mL), the CAM was examined 

for hyperemia, hemorrhage, and coagulation, which were 

scored from 0 (no effect) to 5 (very strong effect). SDS, used 

as a positive control, achieved scores of 1.6±0.5 for hyper-

emia, 3.0±0.6 for hemorrhage, and 4.4±0.5 for coagulation 

(Figure 6A). This resulted in a total irritation score of 9.0±1.3 

(Table 2). In contrast, all three SPIONDex produced an irritation 
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score of 0.0±0.0. The data obtained using SPIONDex30 are 

shown in Figure 6A as an example.

In the next step, the risk of SPIONDex30 injection as a poten-

tial trigger of hypersensitivity reactions was evaluated using 

an established CARPA assay in a pig model. Pigs are highly 

sensitive toward injectable nanoformulations, with CARPA 

symptoms including rapid and massive hemodynamic 

changes, ie, rise in PAP and drop in SAP, rise of TXB2 

levels in plasma in parallel to the PAP increase, and changes 

in blood cell counts, as well as skin rash and flushing.26 Our 

previous study showed that SPIONDex80 did not cause CARPA 

reactions in pigs.17 This time, the tests were repeated for 

SPIONDex30 with a hydrodynamic size of 30  nm. For this 

purpose, saline solution was first injected into the pigs via 

°

°

°

° ° °

θ °

°

° ° °

°

° ° °

Figure 4 Storage stability of the particles.
Notes: Data for 30 nm-sized SPIONDex stored at three different temperatures (4, 20, and 37°C) for 12 weeks serve here as an example. (A) No significant changes in 
hydrodynamic size. (B) Storage temperature- and storage time-dependent color change of the particles. (C) Quantification of the observed color change with absorbance 
measurements at 478 nm. (D) XRD spectra comparisons showing that the color change cannot be attributed to the formation of hematite. (E) Alteration in volume 
susceptibility in a time- and temperature-related manner indicates oxidation of nanoparticles. (F) FTIR spectra confirm lack of changes in surface chemistry. Mean ± SD values 
of three independent experiments are shown.
Abbreviations: SPIONDex, dextran-coated superparamagnetic iron oxide nanoparticles; XRD, X-ray diffraction; FTIR, Fourier transform infrared spectroscopy; SD, standard 
deviation; θ, diffraction angle; au, arbitrary unit.
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the left jugular vein as a negative control. After 10 minutes, 

particles were injected as a bolus at an iron concentration of 

0.5 mg/kg, and if no reaction appeared for 30 minutes, the 

particle injection was repeated at a 10-fold concentration 

(5  mg/kg). If no reaction was observed 30  minutes later, 

zymosan was injected as positive control to confirm that 

the treated pigs were susceptible to CARPA. The relative 

mean values of the hemodynamic changes derived from two 

Figure 5 Uptake of SPIONDex30 by macrophages (A), THP-1 cells (B) and HUVECs (C).
Notes: Asterisks mark the significance levels determined by one-way ANOVA (*p,0.05, **p,0.005, and ***p,0.001). Mean ± SD values of three experiments are shown.
Abbreviations: SPIONDex, dextran-coated superparamagnetic iron oxide nanoparticles; HUVECs, human umbilical vein endothelial cells; ANOVA, analysis of variance; 
SD, standard deviation.

Figure 6 In vivo application of SPIONDex.
Notes: (A) Example results of chick CAM assay with SPIONDex30: the vascularization before (top row) and 5 minutes after application (bottom row) is shown. PBS was used 
as a negative and 0.5 wt% SDS as a positive control. (B) Lack of cardiovascular reaction to SPIONDex30 in a pig model of CARPA. No reaction was observed even at 5 mg 
iron per kg body weight, whereas the positive control zymosan evoked a strong CARPA reaction, which also caused a strong increase in TXB2 plasma level (C). Mean ± SD 
values of two independent experiments are shown.
Abbreviations: SPIONDex, dextran-coated superparamagnetic iron oxide nanoparticles; CAM, chorioallantoic membrane; SDS, sodium dodecyl sulfate; CARPA, complement 
activation-related pseudoallergy; TXB2, thromboxane B2; SD, standard deviation; PAP, pulmonary artery pressure; SAP, systemic arterial pressure; HR, heart rate.
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pigs are depicted in Figure 6B and the corresponding TXB2 

plasma levels in Figure 6C. After the application of nano-

particles, no significant hemodynamic or blood cell count 

changes appeared and no skin rash or flushing was observed. 

In addition, the TXB2 plasma levels were not significantly 

altered. In contrast, the reaction to zymosan (positive control) 

was very strong. In both animals, zymosan evoked a severe 

PAP increase to 155%, as well as a short-lasting SAP and 

HR decrease to 90% and 94%, respectively. This pulmonary 

hypertension was strongly associated with the elevation in 

the TXB2 level from 1.1 to 3.8 ng/mL.

Discussion
The major challenge associated with the iron oxide-based 

contrast agents is their potential to induce hypersensitivity 

reactions or complement activation.27,28 Our previous study 

demonstrated that it is possible to design dextran-coated 

SPIONs that do not activate, complement, or trigger CARPA 

reactions in pigs, even at high concentrations.17 Within these 

studies, the feasibility of tuning the particle size by variation 

of iron and dextran concentration during the coprecipitation 

process was demonstrated. In the current study, the second 

part of the synthesis process, the cross-linking of the dextran 

shell, was investigated in detail using SPIONDex at different 

sizes (30, 50, and 80 nm). The cross-linking of the dextran 

shell is necessary for an increased particle stability, because 

the bonding between iron oxide and dextran based on hydro-

gen bonds is reversible.29 In the given concentration range 

of ECH and iron, there was only little effect on particles 

with a hydrodynamic size of 50 and 80 nm. Yet for 30 nm 

particles, particle sizes grew very fast at .3 mg Fe/mL and 

at higher ECH concentrations. At the highest concentration, 

they almost tripled their size, which indicates that the dextran 

coatings of multiple particles were cross-linked together. 

A possible explanation of this behavior of smallest particles 

is their higher surface-to-volume ratio and also their higher 

mobility, as compared to larger SPIONs. Thereby, the 

chances for hydroxyl groups of neighboring particles to come 

into close contact with each other, and to be linked by ECH, 

increase with rising concentrations during the cross-linking 

process. This is less likely to occur in bigger particles, which 

have smaller surface-to-volume ratio; hence, no dramatic 

increment in their size is observed. In these concentration-

related investigations, the reaction time was set to 24 hours, 

as it was assumed that the cross-linking reaction is completed 

after this time. In order to prove that this is actually true, time-

dependent measurements were performed for all particles at 

the concentrations of 3 mg Fe/mL and 12.5% ECH. During 

the first 6 hours of the reaction, a gradual hydrodynamic size 

increment was observed in all samples, which is indicative 

of dextran’s cross-linking. Theoretically, there is also a pos-

sibility that dextran from the supernatant can be bound to the 

particles and thereby contribute to this size increase. How-

ever, it has been reported that the attachment of unadsorbed 

dextran is low.30 Prolongation of the reaction time did not lead 

to further changes in hydrodynamic size, so it can be assumed 

that the cross-linking reaction was completed after 6 hours. 

This hypothesis was confirmed by time-dependent FTIR 

measurements. During the reaction, the peak distribution 

changed mainly in the range of 1,000–1,200 cm−1, due to the 

introduction of C-O-C groups during the cross-linking reac-

tion. Different peak ratios of the FTIR spectra (1,000/1,100; 

920/850; 1,345/1,450; 1,415/1,450; and 1,275/1,450) showed 

a decrease in the value within the first 6 hours of the reaction. 

Afterward, the signal remained constant. Taking all results of 

the cross-linking parametrization into account, an iron con-

centration of 3 mg/mL, an ECH concentration of 12.5 vol%, 

and a reaction time of 6 hours are sufficient to complete the 

cross-linking reaction in all investigated particle sizes, with 

no arbitrary size alterations.

In order to further examine the crystallinity of the formed 

inorganic phase, XRD patterns of the particles were acquired. 

In general, all spectra had the same peak distribution typi-

cal for the face-centered cubic spinel structure of magnetite 

(space group: Fd3
_
m). The missing peak at 33.2° correspond-

ing to the (104) plane of hematite’s hexagonal corundum 

structure (space group: R3
_
c) implied the absence of hema-

tite impurities.31 In this regard, it is important to note that 

maghemite also crystallizes in a cubic spinel structure, but it 

possesses 2 1/3 vacancies confined to octahedral sites.32 As 

a consequence, peak positions only differ slightly from each 

other. This fact made it very difficult to discriminate whether 

magnetite, maghemite, or a mixture of both was created. 

Table 2 Summary of chick CAM assay irritation scores for different 
irritation types, including hyperemia, hemorrhage, and coagulation

Sample Irritation type

Hyperemia Hemorrhage Coagulation Irritation 
score

Negative 
control

0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

Positive 
control

1.6±0.5 3.0±0.6 4.4±0.5 9.0±1.3

SPIONDex30 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

Note: Mean ± SD values of three independent experiments are shown.
Abbreviations: CAM, chorioallantoic membrane; SPIONDex, dextran-coated 
superparamagnetic iron oxide nanoparticles; SD, standard deviation.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1911

Imaging properties, storage stability and safety of SPIONDex for MRI

The lattice parameters of the particles, which are 8.374±0.008, 

8.364±0.009, and 8.395±0.003 Å for SPIONDex30, SPIONDex50, 

and SPIONDex80, respectively, are very close to the theoretical 

value of magnetite (a=8.396) and a bit further away from that 

of maghemite (a=8.347).32,33 It has been shown that the sur-

face of magnetite nanoparticles is quickly oxidized upon their 

exposure to air.34 The slight deviations of the lattice parameters 

from the theoretical magnetite value observed in this study may 

thus be attributed to small alterations in stoichiometry resulting 

from partial oxidation. Taking this into account, it is likely 

that the fabricated SPIONDex were composed of magnetite, 

with a possible maghemite surface. Williamson–Hall plots 

showed a good linear correlation with a negative slope in all 

three samples. These negative slopes implied that microstrains 

were not the dominant factor for the peak broadening and 

that the crystallites were rather in a relaxed than a compacted 

state.35 The hydrodynamic size of the particles did not influ-

ence ζ potential as a function of pH and the IEP, nor the FTIR 

spectra (not shown), which indicates similar chemical surface 

properties, regardless of the particle size.

For their use as MRI contrast agents, the imaging proper-

ties of SPIONs are of great relevance. Measuring the T
2
/T

2
* 

relaxivity of every synthesized batch with an MRI device is 

not only time consuming but also very expensive. For this 

reason, one of the aims of the current study was to utilize 

the Koenig–Kellar model to estimate the relaxivity of the 

synthesized particles. This was achieved by determination 

of relaxivity as a function of susceptibility in five differently 

sized SPIONDex particles with different susceptibilities. 

As expected from the Koenig–Kellar model, the measure-

ments revealed a good quadratic correlation between these 

two parameters in r
2
 and r

2
*. Correlation between relaxivity 

and susceptibility for r
2
* was better than that for r

2
, because 

the exposure of SPIONs to the magnetic field of an MRI tube 

leads to their magnetization and introduces field inhomogene-

ities. These inhomogeneities, which are taken into account in 

T
2
* time, accelerate the dephasing process of the proton spins, 

leading to higher relaxation rates. The actual relaxivity values 

ranged from 46.8 to 207.4 mM−1s−1 for r
2
 and from 105.8 to 

319.2 mM−1s−1 for r
2
*. The T

2
 contrast agents previously used 

in clinical trials possess an r
2
 value of 98.3 (ferumoxide), 

151 (ferucarbotran), and 60  mM−1s−1 (ferumoxtran).14,16 

Compared to these contrast agents, SPIONDex have a higher 

relaxivity depending on the size and, therefore, better imaging 

qualities with lower required particle concentrations. These 

values can also compete with other polymer-coated SPIONs 

for MRI purposes, which are currently in development 

by other groups.36–38 Direct comparisons with Gd3+-based 

substances, which are currently the only approved and, 

at the same time, commercially available contrast agents, 

are difficult because of the different contrast mechanisms 

and appearances (T
1
 vs T

2
/T

2
* and bright vs dark contrast). 

Typical values for r
1
 and r

2
 of GBCAs are ~5 mM−1s−1.14 In 

terms of relaxivity, this means that the concentrations of 

GBCAs must be significantly higher in order to achieve the 

same contrast as SPIONDex. Given the potential toxicity con-

cerns for gadolinium, this is a clear disadvantage of GBCAs. 

SPIONDex r
1
 values can also be calculated from the obtained 

data, but they are less meaningful, because the correlation in 

R
1
 was very poor. This was expected as T

1
 is not dependent 

on the magnetic susceptibility of the particles but on the 

interaction between unpaired electrons of the paramagnetic 

metal ion with protons from coordinated or diffusing water 

molecules. Nevertheless, our data showed that it is possible 

to estimate the MRI properties from the correlations for r
2
 

and especially for r
2
* by simple, fast and cheap susceptibility 

measurements. This is an important quality control aspect for 

the transfer process toward upscaled and cGMP-compliant 

synthesis, as well as for the approximation of the imaging 

properties after handling and storage of the particles.

The latter aspect is crucial because nanoparticles, due 

to their high surface-to-volume ratio, have the potential to 

form clusters or agglomerate, as well as the tendency to sedi-

ment over time. Usually, a longer period of time between 

fabrication and application of the nanoparticles must be 

taken into account. Consequently, appropriate storage con-

ditions have to be applied in order to achieve reproducible 

results during the respective applications. The influence of 

different storage conditions on the synthesized SPIONDex was 

assessed by storing 30, 50, and 80 nm particles for 12 weeks at 

three different temperatures, namely, 4, 20, or 37°C. Regard-

less of SPION size, the time-dependent color change and 

the corresponding drop in UV/Vis adsorption indicated the 

transformation from magnetite to maghemite, which is char-

acterized by reddish-brown color. The XRD spectra showed 

that no significant differences concerning peak positions 

and ratios were detectable compared to the freshly prepared 

sample and that the color change could not be attributed to the 

formation of hematite. However, the calculation of the lattice 

constant resulted in 8.346±0.006 Å, which coincides with the 

lattice parameter of maghemite (8.347 Å).32 Crystallite size 

and strain, as determined by the Williamson–Hall plot, were 

not altered during the storage at 37°C. Another parameter 

indicating that the oxidation to maghemite occurred over the 

storage time was the time- and temperature-dependent change 

in the particles’ susceptibility. While the susceptibility stayed 
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almost constant at 4°C, it decreased slowly over time at 20°C 

and was rapidly reduced at 37°C. Since the corresponding 

hydrodynamic sizes of the particles remained more or less 

unchanged, this decrease in susceptibility could only be 

attributed to the oxidation of iron oxide cores. Neverthe-

less, there have been studies showing that the oxidation of 

magnetite to maghemite can improve the biocompatibility 

of the particle system.31,32 It is noteworthy that there were no 

signs of agglomeration or sedimentation during the exam-

ined time frame at any conditions. AES measurements of 

the SPIONs’ supernatants did not show detectable release 

of iron into the solution even after 12 weeks at 37°C (data 

not shown). This is in accordance with the osmolarity of the 

particle suspensions, which was also not affected by stor-

age (data not shown). Although iron oxide nanoparticles in 

general are prone to Ostwald ripening, coatings of organic 

molecules can passivate the particle surface and prevent iron 

ion release.39 Our data indicate the successful passivation 

of the iron oxide surface by the applied dextran coating. In 

addition, FTIR- and pH-dependent ζ potential measurements 

did not show a time- or temperature-dependent change in the 

signal. Judging from these findings, it can be assumed that 

the dextran coating was not influenced within the examined 

storage time frame even at 37°C and regardless of the particle 

size. Upon storage at 4°C, no significant changes in the par-

ticle properties were observed. Higher storage temperatures 

caused a reduction in susceptibility and, consequently, a 

potential decrease in relaxivity. With the previously obtained 

correlation, it can be estimated that the relaxivity of the par-

ticles would be reduced to ~70% of its original value upon 

storage at elevated temperatures for a longer period of time. 

In general, knowledge about temperature-related processes 

during mid- and long-term storage of iron oxide nanoparticles 

is scarce. As an example, Zaloga et al40 demonstrated that the 

storage of bovine serum albumin (BSA)-coated SPIONs also 

resulted in a time- and temperature-related oxidation of the 

particles, in parallel with a decrease in magnetic properties. 

The hydrodynamic sizes stayed constant, although the protein 

coating was exposed to 45°C. Oberle and Lüdtke-Buzug41 

examined the storage stability of dextran-coated particles 

over 6 weeks at different temperatures. Unlike in our study, a 

significant increase in size and sedimentation were observed 

over time. Despite the fact that dextran was used as a coating 

material in these particles, their stability was much inferior to 

SPIONDex. This difference can be explained by the lack of a 

dextran cross-linking procedure in their particles. In contrast, 

the cross-linked dextran surface of SPIONDex ensures their 

very good stability for several months.

Concerning safety, the CAM assay demonstrated that, 

independent of their size, SPIONDex lack the irritation potential 

and exert no negative effects on vessels in vivo. As previously 

demonstrated for 80 nm particles,17 our present data showed 

that SPIONDex30 with a hydrodynamic size of 30 nm also did not 

cause CARPA reactions in pigs. This is a very remarkable find-

ing, because SPIONs have been reported to induce hypersensi-

tivity reactions triggered by the lectin or classical pathway.27,28,42 

A tragic example for SPION-induced hypersensitivity reactions 

is ferumoxytol, which caused some cases of fatal anaphylactic 

reactions and received the strongest type of warning from the 

US Food and Drug Administration (FDA) in 2015.43 Other iron 

oxide-based contrast agents approved for MRI applications 

(eg, ferumoxide) have also been reported to induce hypersen-

sitivity-like adverse effects,16 albeit milder than ferumoxytol. 

The molecular origin of these reactions is not fully understood. 

A possible explanation may be that the iron oxide cores of these 

particles were not fully coated by the polymer, due to short 

chain lengths and lack of polymer cross-linking, as shown by 

Jung44 for ferumoxtran and ferumoxide. These findings were 

supported by a study of Simberg et al45 who demonstrated the 

interactions of ferumoxide iron oxide core with histidine-rich 

glycoproteins and kininogens that led to the subsequent binding 

of the complement lectin and contact clotting factors. It has also 

been reported that the anionic charge pattern of the iron oxide 

core can be recognized by scavenging receptors.46 As a conse-

quence, it seems that the exposure of the iron oxide core must 

be prevented in order to reduce the risk for CARPA. Recently, 

Wibroe et al47 demonstrated that spherical-shaped polystyrene 

particles possess a higher risk for adverse reactions compared 

to their rod- or disk-shaped counterparts. We previously 

demonstrated with transmission electron microscopy images 

that SPIONDex possess a branched chain like morphology.17 

Taking this into account, our particles were not spherical but 

rather elongated particles, which might also contribute to their 

lack of complement activation. Another factor to be consid-

ered is the polymer itself. Although dextran is approved as 

plasma expander, chain lengths of 40 and 70 kDa also caused 

anaphylactoid reactions in some rare cases.48,49 Therefore, the 

cross-linking process is a vital step in the particle synthesis 

for not only stability reasons but also alteration of the sugar 

structure. In fact, it has been demonstrated that cross-linking 

of dextran prevented the complement activation in mice.50 This 

finding clearly shows the fact that the surface of nanoparticles 

is a key feature for biomedical applications, representing the 

first-contact surface for the blood cells and proteins. Both these 

potential reasons for CARPA-inducing effect of existing con-

trast agents were taken into account when designing SPIONDex 
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particles. Blocking the sterical access to the iron oxide core 

and alteration of the sugar structure were achieved with a 

longer dextran chain (40 kDa instead of 10 kDa) and by cross-

linking of the polymer. Consequently, SPIONDex did not induce 

complement activation or CARPA reactions in vivo. This 

result, setting it apart from the existing SPION-based contrast 

agents, makes SPIONDex a very promising candidate as a safe 

contrast agent.
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Supplementary material

Table S1 MRI relaxation times for differently sized SPIONDex

SPIONDex30

Actual iron concentration in µg/mL

Sample 0 1.98 3.76 5.64 7.91 10.21

T1 in ms 2,225±378 2,213±411 1,564±337 1,374±190 1,433±187 1,133±1,448
T2 in ms 98±6 86±3 92±8 66±3 59+2 55±4
T2* in ms 116±17 84±7 68±3 54±6 43±2 35±4

SPIONDex40

Actual iron concentration in µg/mL

Sample 0.00 1.01 2.53 4.03 6.00 7.94

T1 in ms 2,225±324 2,306±248 1,983±150 1,475±85 1,601±312 1,474±271
T2 in ms 95±11 82±5 78±6 69±2 59±1 58±2
T2* in ms 138±18 87±8 75±5 58±7 44±2 40±5

SPIONDex50

Actual iron concentration in µg/mL

Sample 0.00 2.03 4.18 6.03 7.85 10.33

T1 in ms 1,213±707 1,323±602 1,038±275 840±425 979±350 887±257
T2 in ms 281±22 100±8 85+2 62±4 54±4 48±3
T2* in ms 133±15 72±5 52±9 39±3 33±2 27±1

SPIONDex80

Actual iron concentration in µg/mL

Sample 0.00 1.03 2.55 4.08 6.05 8.00

T1 in ms 2,717±253 2,598±201 1,962±123 1,512+107 1,646±52 1,446±100
T2 in ms 91±7 77±2 71±5 52±1 44±2 39±1
T2* in ms 121±12 71±3 51±3 40±1 31±1 26±1

SPIONDex130

Actual iron concentration in µg/mL

Sample 0.00 1.92 3.77 5.77 7.35 9.88

T1 in ms 2,255±303 2,369±296 1,946±203 1,462±58 1,682±117 1,458±239
T2 in ms 89±11 68±5 55±3 31±1 26±1 23±1
T2* in ms 98±9 49±1 33±1 24±1 19±1 15±1

Notes: T1: longitudinal relaxation time; T2: tranversal relaxation time; T2*: transversal relaxation times with field inhomogeneities.
Abbreviations: MRI, magnetic resonance imaging; SPIONDex, dextran-coated superparamagnetic iron oxide nanoparticles; T, relaxation time.
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