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Abstract  

The unique magnetic properties of superparamagnetic iron oxide nanoparticles 

(SPIONs) have led to their increasing use in drug delivery and imaging applications.  

Some polymer-coated SPIONs, however, share with many other nanoparticles the 

potential of causing hypersensitivity reactions known as complement (C) activation-

related pseudoallergy (CARPA).  In order to explore the roles of iron core composition 

and particle surface coating in SPION-induced CARPA, we measured C activation by 6 

different SPIONs in a human serum that is known to react to nanoparticles (NPs) with 

strong C activation. Remarkably, only the Fe2+ nucleated, carboxymethyldextran-coated 

(ferucarbotran, Resosvist®) and Fe3+/Fe2+ nucleated, dextran-coated (ferumoxtran-10, 

Sinerem®) SPIONs caused significant C activation, while the Fe3O4-nucleated acid, 

phosphatidylcholine, starch and chitosan-coated SPIONs had no such effect.  Focusing on 

Resovist and Sinerem, we found Sinerem to be a stronger activator of C than Resovist, 

although the individual variation in 15 different human sera was substantial.  Further 

analysis of C activation by Sinerem indicated biphasic dose dependence and significant 

production of C split product Bb but not C4d, attesting to alternative pathway C 

activation only at low doses.  Consistent with the strong C activation by Sinerem and 

previous reports of HSRs in man, injection of Sinerem in a pig led to dose-dependent 

CARPA, while Resovist was reaction-free. Using nanoparticle tracking analysis, it was 

further determined that Sinerem, but not Resovist, possessed a multimodal size 

distribution and significant fraction of aggregates – factors which are known to promote 

C activation and CARPA. Taken together, our findings offer physicochemical insight into 

how key compositional factors and nanoparticle size distribution affect SPION-induced 

CARPA, and leveraging such knowledge could lead to the development of SPIONs with 

improved safety profiles.  

 

Key words:  complement, hypersensitivity reactions, iron, anaphylaxis, CARPA, 

anaphylatoxins, MRI, imaging, nanoparticles, nanomedicines, immune toxicity 

 

Abbreviations: 

C, complement 

CARPA, complement activation-related pseudoallergy 

HSR, hypersensitivity reaction 

MRI, magnetic resonance imaging 

NTA, nanoparticle tracking analysis  

PDI, polydispersity index 

PEG, polyethylene glycol 
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SPION, superparamagnetic iron-oxide nanoparticle 

USPION, ultra-small SPION 
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1, Introduction 

Superparamagnetic iron oxide nanoparticles (SPIONs), state-of-art representatives of 

clinically useful nanoparticles (NPs), have been used as contrast agents for magnetic 

resonance imaging (MRI) over the past decade [1-5].  They are in the 10-100 nm range 

(up to 30 nm in the case of USPIONs) and contain a γ-Fe2O3 (maghemite), Fe3O4 

(magnetite) or α-Fe2O3 (hermatite) core and a hydrophilic surface coating made from a 

variety of polymers, including dextran, carboxydextran, chitosan, phospholipids, PEG 

and starch.  The iron core lends these particles “superparamagnetism”, in essence external 

magnetic field-controllable magnetism that enables these particles to be utilized for 

imaging, molecular structure analysis or to the benefit of drug delivery, gene therapy and 

many other potential applications [6-8]. 

Among the unsolved challenges of the clinical application of these agents, iron-

containing drugs and contrast media can cause hypersensitivity reactions (HSRs).  The 

symptoms of HSRs reported for reactogenic iron-compounds include dyspnea, chest/back 

pain, hypo/hypertension, fever, flushing, rash and panic, that are also typical symptoms 

of the HSRs to liposomal and micellar drugs, biological therapeutics, radiocontrast 

agents, enzymes, PEGylated proteins and many other “nano-bio-pharmaceuticals”.  These 

reactions were proposed to be due, at least in part, to activation of the complement (C) 

system, leading to the term “C activation-related pseudoallergy (CARPA) [9-13].  The 

worst outcome of CARPA is anaphylaxis with occasional death, which contributed to 

market withdrawal of ferumoxide (Feridex/Endorem®) [14], ferumoxytol 

(Feraheme®/Rienso®) [15] and ferumoxtran (Ferumoxtran-10/Sinerem/Combidex) [16].  

As implied in its name, the essence of CARPA is the capability of the drug or agent to 

cause C activation. Such activation has been shown for many of the above listed 

CARPAgenic drugs [10] including 20-kD dextran-coated SPIONs called “nanoworms”  

[19-23].  These FeCl2/FeCl3 precipitates with multiple crystalline cores were shown to 

activate all 3 (classical, alternative and lectin) pathways in human serum [23], 

highlighting the redundancy of C activating triggers.  Likewise, a recent study reported C 

activation by iron dextran and ferric carboxymaltose both in vitro and in vivo in the blood 

of healthy volunteers and hemodialysis patients, leading to the conclusion that HSRs to 

these drugs could represent CARPA [24].  In fact, the concept that CARPA may underlie 

many HSRs to iron-containing drugs is gaining increasing attention [25], motivating 

further exploration of the C reactivity and CARPAgenic activity of SPIONs.   

Accordingly, the first goal of our study was to measure C activation by different 

SPIONs in vitro, and to identify the structural factors responsible for such activation, if it 

exists.  Having found that only the dextran coat caused C activation, we went further to 

compare different dextran-coated SPIONs, including low molecular weight (10 kDa 

dextran) covered ferumoxtran-10 (Sinerem®) and low-molecular weight (MW:548) 
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carboxydextran-coated ferucarbotran (Resovist®) for which information on the HSRs 

they caused in patients allowed us to correlate the in vitro and animal data obtained in 

this study with the past human observations.  

2, Materials and Methods 

2.1 Materials 

Superparamagnetic iron-oxide nanoparticles (SPIONs) with different surface coatings 

(FluidMAG-chitosan, -starch, -phosphatidylcholine, -dextran, -carboxymethyldextrane, 

and -citric acid) were obtained from Chemicell GmbH (Germany).  SPIONs approved for 

clinical use (Sinerem® and Resovist®) were kindly offered by Nano4Imaging GmbH 

(Germany). Sinerem and Resovist have dextran and carboxydextrane coatings, 

respectively, but in absence of structural information about their similarity to FluidMAG-

dextran and -carboxymethyldextrane, all these NPs are considered as distinct test agents.  

Quidel’s SC5b-9, Bb and C4d C ELISAs were obtained from TECOmedical NL (The 

Netherlands).  Zymosan was obtained from Sigma-Aldrich.  Mixed breed male 

Yorkshire/Hungarian White Landrace pigs (2-3 months old, 18-22 kg) were obtained 

from the Animal Breeding and Nutrition Research Institute, Herceghalom, Hungary.   

2.2 Methods 

2.2.1. Measurement of complement activation in human serum in vitro  

Sera from healthy volunteers were incubated with the tested polymers and SPIONs 

for 30 min at 37°C at a serum/nanoparticle volume ratio of 4:1, duplicate tubes.  The iron 

content of particles was matched.  Incubation was stopped by diluting the samples with 

EDTA containing sample diluent from the ELISA kits, and aliquots from these diluted 

sera were subjected to measuring SC5b-9, Bb and C4d as pathway specific markers of C 

activation [26, 27].  In addition we also applied a modified hemolytic C (CH50) assay, as 

described earlier [28].  In short, were incubated the nanoparticles in the sera at 37°C for 

30 min followed by a 10-fold dilution in PBS.  Aliquots from these diluted sera were 

incubated with sensitized SRBCs for 10 min at 37°C. The reaction was stopped by 

centrifugation of the cells at 4°C and measurement of released hemoglobin at 541 nm.  

The readings were expressed as % of maximal hemolysis in saline control, and C 

consumption was obtained by 100% minus % hemolyis. 

2.2.2 In vivo test of CARPA in pigs  

Resovist and Sinerem were tested for CARPA in pigs, according to a procedure 

described previously [13, 29-32].  In brief, animals were sedated with Calypsol/Xilazine 

and then anesthetized with isoflurane (2–3% in O2).  Intubation was performed with 

endotracheal tubes to maintain free airways, and to enable controlled ventilation if 

necessary.  The animals were breathing spontaneously during the experiments.  In order 
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to measure the pulmonary arterial blood pressure (PAP), a Swan–Ganz catheter (Teleflex 

Medical, Research Triangle Park, NC, USA) was placed to the pulmonary artery wedge, 

for the measurement of pulmonary arterial pressure (PAP).  Additional catheters were 

placed into the femoral artery to record the systemic arterial pressure (SAP).  The left 

femoral vein was cannulated for blood sampling, and the external jugular vein for the 

administration of SPIONs.  The hemodynamic, EKG and respiratory parameters were 

measured continuously, while blood cell counts, blood analytes and biomarkers 

(inflammatory and vasoactive mediators) were measured at predetermined times, usually 

in 10–20 min intervals. 

2.2.3 Characterization of nanoparticles 

2.2.3.1. Size and zeta potential measurements 

The mean diameter and size distribution (polydispersity index, PDI) of SPIONs were 

determined by dynamic light scattering (DLS) with Malvern ALV CGS-3 system 

(Malvern instruments Ltd., Malvern, Worcestershire, United Kingdom ) with a scattering 

angle of 90° at 25 °C.  Samples were diluted 200 times using pure 18.2 MΩ cm distilled 

(Milli-Q, Millipore, Molsheim, France) water before measurement. 

The zeta-potential was measured by laser Doppler electrophoresis using Zetasizer 

Nano-Z (Malvern instruments Ltd., Malvern,Worcestershire, United Kingdom).  The 

nanoparticles were diluted approximately 100 times in 10 mM HEPES (pH 7.4) before 

measurement.  

2.2.3.2. Nanoparticle tracking analysis (NTA) 

Nanoparticle tracking analysis (NTA) was conducted with a Nanosight LM10 

instrument.  The particles were diluted to a concentration of 5 μg/ml in Milli-Q-treated 

water.  A 405 nm laser was used to illuminate and cause Rayleigh scattering by the 

particles, which was visualized by optical microscope (20x magnification).  The time-

resolved Brownian motion of individual particles was recorded by camera for a time 

period of 60s at a rate of 25 frames per second, enabling the calculation of the 

hydrodynamic diameter of individual particles by the two-dimensional Stokes-Einstein 

equation and construction of a number-weighted size histogram.  Video capture and data 

analysis parameters were controlled using the NTA 3.1 software program.  All 

measurements were carried out under room temperature of 24oC. 

2.2.4. Statistical analysis  

Comparisons of multiple groups were made by ANOVA followed by Tukey's 

Multiple Comparison Test, with P<0.05 taken a significant difference. 

3. Results and Discussion 
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3.1. Physicochemical characterization of iron-NPs 

Table 1 shows some physicochemical properties and other specifics of iron NPs used in 

this study.  The diameters specified represent the mean values obtained by DLS (See 

Methods). 
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Table 1.  Physicochemical properties of different SPIONs used in this study. Abbreviations in the Table: 

PDI, polydispersity index, Pot, potential;  

3.2. Complement activation by different SPIONs in a sensitive human serum 
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Previous studies on nanomedicine-induced C activation in normal (healthy) human 

sera in vitro and patients in vivo showed substantial individual variation, with 1-10% of 

humans being highly reactive for specific nanodrugs [33-40].  This variation has not 

been understood to date, thus, as a useful step in experiments comparing C activation by 

NPs, we have chosen a serum which gave strong C activation in vitro in previous 

experiments (mainly by liposomal doxorubicin, Doxil [37]).  Fig. 1A-C shows C 

activation in this preselected reactive serum by SPIONs with different cores and surface 

coatings at 3 different concentrations: 0.1, 0.5 and 10 mg/mL iron (panels A-C, 

respectively).  Nanoparticles with chitosan and phosphatidylcholine coatings were 

reaction free at all doses, those with starch and carboxymethyldextran caused minor C 

activation, while iron NPs with dextran coating caused massive activation.  Regarding 

the dose-dependence of these effects, there is ~ 25-30% rise in C activation by 

carboxymethyldextran and dextran in panel B versus panel A, suggesting that 0.1 and 

0.5 mg/mL iron were within the dynamic range of the dose-effect relationship for these 

SPIONs.  Surprisingly, the C activating effect of dextran-coated NPs showed biphasic 

dose-dependence as 0.1 and 0.5 mg/mL were stimulatory, while 10 mg/mL was 

inhibitory.  Fig 1D shows an independent experiment in which we looked at C activation 

by 0.14-1.38 mg/mL free 10kDa dextran.  This concentration range embraces the 

dextran content of dextran-SPIONs applied at 10 mg iron/mL (0.63 mg/mL, see legend 

to Fig 1), which had suppressive effect on C activation.  Remarkably, free dextran also 
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displayed inverse dose-effect relationship, with suppressed C activation at doses >0.14 

mg/mL.  These data suggest that depending on concentration, dextran can activate or 

inhibit C activation both in free and in NP-bound form.  The underlying reason for this 

phenomenon is not understood at this time, nor are the observations on less intense C 

activation by starch-, carboxymethyldextran- and citrate-containing SPIONs.  Unlike 

dextran-SPIONs, the dose-effect relationship with these SPIONs was clearly dose 

dependent up to at least 10 mg/mL iron. 

Figure 1.  Complement activation by different SPIONs (Panels A-C) and free dextran (D) in a preselected 

“sensitive” NHS after incubation for 30 min at 37 C.  Panels A-C show the dose dependence of activation 

by FluidMAG SPIONS coated with starch, carboxymethyldextrane, chitosan, phosphatidylcholine, citric 

acid and dextran (X axis).  The final concentration of each NP was adjusted to the iron content specified at 

the top of each panel.  The horizontal line shows the PBS baseline of SC5b-9.  Panel D shows an 

independent experiment wherein the serum was incubated with free dextran (10 kDa, the same as used in 

Sinerem) at doses specified in mg/mL dextran.  The error bars represent SD of duplicate measurements 

(n=2).  Conversion between the iron and coating polymer concentrations  was made for FluidMAG dextran 

on the basis of product information, giving an iron/polymer ratio of ~16.  Thus, the polymer concentrations 

in FluidMAG-dextran NPs were ~ 6, 30 and 600 ng/mL in panels A-C, respectively.  

Taken together, these data suggest that in certain sensitive individuals certain SPIONs 

can activate C while others do not.  The concentration dependence of C activation may 

vary from SPION to SPION, at it can also be biphasic, for example the case of dextran.  
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3.3. Complement activation by Sinerem and Resovist in normal human sera: individual 

variation 

The above data turned our attention to two clinically approved MRI imaging SPIONs; 

the dextran-coated Sinerem and carboxydextran-coated Resovist (other names shown in 

Table 1).  Here, rather than using one “sensitive” serum, we investigated the individual 

variation of their C activation in several NHS.  As shown in Fig 2A, incubation of 

Sinerem with 5 different NHS led to greater rise of SC5b-9 over baseline (up to ≈ 20-fold 

rise) than that caused by Resovist (Fig 2B, up to ≈ 5-fold rise), and the number of 

reactive sera was also higher in the former group (5/5 vs. 3/5).   

Figure 2.  Complement activation by Sinerem and Resovist under different experimental conditions.  In A, 

5 different NHS were incubated with Sinerem and Resovist (0.25 mg/mL iron, ~16 ng/mL dextran) and in 

B, a different set of 10 NHS was incubated with Sinerem (0.25 mg/mL iron or 0.1 mg/ml zymosan.  In the 

latter experiment ANOVA followed by Tukey's Multiple Comparison Test showed the 3 groups 

significantly differing from each other (P<0.05).  Panel C shows the results of a hemolytic assay, testing C 

consumption by Sinerem, Resovist and zymosan at the same levels  as in A and B.  The sheep red cell assay 

was described in the Methods.  Bars are mean ± SD for duplicate measurements in each sera.  

Questioning the inter-experimental variation of the individual variation of Sinerem-

induced C activation in NHS, we tested yet another independent series of different sera 

and repeated the same experiment as shown in Fig 2A, using this time 10 sera and 

zymosan as positive control.  As shown in Fig 2 B, the range and variation this time was 

greater than in Panel A, but the basic message is the same: Sinerem activates human C 

with substantial individual variation.  Based on this series, 8 of 10 (80%) of sera showed 
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significant reactivity against Sinerem, and 3 in 10 (20-30%) showed activation 

comparable to that caused by 0.1 mg/mL zymosan.   

SC5b-9 is a soluble end-product of C activation, whose individual variation may have 

reasons independent of the central reaction, i.e. C3 conversion and subsequent cascadic 

formation of the terminal complex (C5b-9).  For this reason, we also evaluated the effects 

of Sinerem and Resovist on the whole C cascade by using a modified hemolytic assay 

which measured the consumption of all C proteins that are involved in hemolysis 

(hemolytic C).  Figure 2C shows greater consumption of hemolytic C by Sinerem than 

Resovist in 2 of the 3 tested sera, and this finding is consistent with the conclusions 

drawn from the SC5b-9 ELISA.  Thus, the differential effects of tested SPIONs apply to 

the whole C cascade.   

3.4. Pathway of complement activation by Sinerem  

In order to determine the pathway of C activation by Sinerem we incubated 3 

different NHS with Sinerem and measured the production of SC5b-9, C4d and Bb, which 

are specific markers of the terminal, classical and alternative pathways.  The significant 

and comparable elevations of SC5b-9 and Bb (Figure 3) clearly indicate the involvement 

of alternative pathway activation, with no, or negligible operation of the classical 

pathway. 

Figure 3.  Pathway of C activation by Sinerem tested in 3 NHS.  Panels A-C show the results of SC5b-9, 

C4d abd Bb ELISA performed in 3 NHS.  Sinerem and zymosan were applied at 0.25 and 0.1 mg/mL, 

respectively.  Bars are mean ± SD for duplicate measurements in each sera. 

3.5. CARPAgenic activity of Resovist and Sinerem in pigs 

The above in vitro data indicating slight but significant quantitative differences in C 

activation by Resovist and Sinerem led to a critical question: do these differences entail 
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differential biological responses in an animal model of CARPA?  Or more broadly: can in 

vitro C measurements be translated to the clinics in predicting HSRs?   

To address this question, we used the porcine CARPA model, which is known to be a 

sensitive quantitative assay of the acute immune reactivity of NPs manifested in 

anaphylactoid reations [13, 29-32].  We injected Resovist and Sinerem in consecutive 

boluses at 0.1 and 0.5 mg/kg iron and traced the changes of pulmonary arterial pressure 

(PAP), systemic arterial pressure (SAP) and heart rate (HR) as hemodynamic endpoints 

of CARPA.  Before these injections, a bolus of saline served as a negative (volume) 

control, while at the end of the experiment, zymosan served as a positive control, 

testifying to the intactness of the pigs’ cardiovascular reactivity.  As shown in Figure 4, 

Resovist did not cause any changes in the measured parameters (Fig 4A), while Sinerem 

did cause significant dose-dependent changes (Fig 4B).  Namely, 0.01 and 0.1 mg/kg 

doses led to 30-40 and 50-60% rises in both PAP and SAP, respectively, and the response 

of PAP, as well as the tachycardia, were clearly more expressed at the higher dose (sub-

curve area of PAP 3-fold higher, up to 25 BPM tachycardia).   

Figure 4.  Hemodynamic changes caused by Resovist and Sinerem in pigs.  The changes in systemic 

arterial pressure (SAP, red), pulmonary arterial pressure (PAP, blue) and heart rate (beat per minute, BPM) 

were followed up to 15 min (X-axis) shown on the x axis. 
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3.6. Nanoparticle tracking analysis of Resovist and Sinerem 

In an effort to explain the observed differences between Resovist and Sinerem in C 

activation and CARPA, we performed additional dynamic light scattering (DLS) and 

nanoparticle tracking analysis (NTA) experiments with these particular SPIONSs.  As 

shown in Figure 5A, the DLS technique showed that Resovist NPs ranged in size from 

around 40 to 120 nm diameter, with 2 peaks between 40-60 and 70-120 nm.  In the same 

sample, the NTA experiment (which measures the concentration, i.e., an absolute number 

of NPs as a function of hydrodynamic diameter) indicated a peak at about 60 nm with 

gradual decline of NP number with increasing size until about 360 nm.  The minor peaks 

superimposed on the slope of concentration curve (contour) are indicative of 

inhomogeneities, most likely aggregates, but these were not as expressed to such an 

extent as seen for Sinerem (Fig. 5B).   

Figure 5. Size distribution of Resovist (A) and Sinerem (B) nanoparticles obtained by DLS and NTA 

measurements.  The data is plotted in the native form: DLS (intensity-weighted; red) and NTA (number-

weighted; blue). 

For Sinerem, the NTA experiment revealed major peaks around 75, 150 and 225 nm, 

and the DLS data were also different from that obtained with Resovist, with peaks at 

about 30 and 80 nm.  While these values agree well with the reported size distribution of 

SPIONs in general [41], they also reveal quantitative differences between the two studied 

preparations.  Namely, the NTA contour of Sinerem was skewed towards larger NPs 

compared to Resovist, indicating higher percentage of relatively large (> 100 nm) NPs 

with inhomogeneous distribution.  The smaller-size population agrees well with the 

reported size of Sinerem particles [42], while the larger-size population probably includes 

aggregates.  Of note, NTA has a detection limit around 30 nm and only particles above 

this minimum size (i.e., in this case, SPION aggregates) can be observed with this 

technique [43].  Taken together, the NTA measurements suggest that a possible 

underlying factor behind the increased C activating and CARPAgenic activity of Sinerem 
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is the increased size and inhomogeneity of NPs in it, with possible presence of 

aggregates, which are known contributors to C activation and HSRs [44].  Regarding the 

role of aggregates, however, it needs to be pointed out that our test samples were not 

freshly opened original vials, and they were not filtered before application although the 

product insert of Sinerem, but not that of Resovist, recommends filtering of the infusate 

before human application to get rid of possible aggregates.  Thus, aggregates may not 

entirely explain the clinical reactions, obviously, many other factors may also play 

important roles.  A role of C controlling proteins, such as Factor H, should be considered, 

since we have shown that C activation proceeded on the alternative pathway, and Factor 

H is an alternative pathway inhibitor.  It has a prominent polyanionic binding site [45] 

and thus its increased binding to the highly anionic Resovist (Table 1) may have 

contributed to its decreased C activation. 

In summary, the focus of the present study was to, through a comparative analysis, 

elucidate physicochemical factors of SPIONs that may cause potentially serious HSR via 

C activation.  Such reactions have been described for the dextran-coated SPIONs, 

ferumoxides [14] and ferumoxtran-10 (Combidex/(Sinerem) with frequencies in the 2-5% 

range [16, 46, 47], and this range is also typical of CARPA caused by other 

nanomedicines and other agents [10].  Recent credit for CARPA being the likely 

underlying cause of HSRs to iron-containing compounds came from an editorial by 

Hempel [24].  Regarding SPION reactions. it seems important to refer to a post-

marketing safety review of the FDA in 2005 [48], which gives details of 18 anaphylaxis-

related sudden (within 2-30 min) deaths in recipients of various iron dextran preparations 

including MRI contrast agents.  The reported initial symptoms (flushing, shortness of 

breath, chest/back pain, dizziness, hypo/hypertension, edema, arrhythmias) as well as a 

cause of death (cardiac arrest) are exactly the same symptoms that are observed with 

other CARPAgenic drugs [10, 31].  

The present study confirmed the C activating capability of two dextran-containing 

SPIONs used in tumor diagnosis; Sinerem and Resovist.  Before withdrawing from the 

market, Sinerem was used for MRI imaging of lymph nodes, while Resovist was a liver 

specific MRI contrast agent.  Our data suggest stronger C activation and stronger in vivo 

reactivity of Sinerem compared to Resovist, which is consistent with the information that 

HSRs contributed to the withdrawal from the market of Sinerem [16], but not that of 

Resovist [17, 18].  We can also correlate the C activation data with at least with one 

known particle feature known to contribute to C activation and CARPA: inhomogeneity 

[44].  While the DLS average size info (Table 1) showed no difference, the NTA analysis 

revealed more expressed inhomogeneity in Sinerem than in Resovist, which could be due 

to increased amounts of aggregates in the latter preparation.  This possibility highlights 

the importance of using adequate methods for the physicochemical characterization of 

NPs, in the present example to quantify inhomogeneity and to detect aggregates.  
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Nevertheless, other factors are also likely to contribute to the increased reactogenicity of 

Sinerem and many other therapeutic or diagnostic NPs, which will have to be explored in 

the future.   
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