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A B S T R A C T   

Intravenous (IV) iron-carbohydrate complexes are widely used nanoparticles (NPs) to treat iron deficiency 
anaemia, often associated with medical conditions such as chronic kidney disease, heart failure and various 
inflammatory conditions. Even though a plethora of physicochemical characterisation data and clinical studies 
are available for these products, evidence-based correlation between physicochemical properties of iron- 
carbohydrate complexes and clinical outcome has not fully been elucidated yet. Studies on other metal oxide 
NPs suggest that early interactions between NPs and blood upon IV injection are key to understanding how 
differences in physicochemical characteristics of iron-carbohydrate complexes cause variance in clinical out
comes. We therefore investigated the core-ligand structure of two clinically relevant iron-carbohydrate com
plexes, iron sucrose (IS) and ferric carboxymaltose (FCM), and their interactions with two structurally different 
human plasma proteins, human serum albumin (HSA) and fibrinogen, using a combination of cryo-scanning 
transmission electron microscopy (cryo-STEM), x-ray diffraction (XRD), small-angle x-ray scattering (SAXS) 
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and small-angle neutron scattering (SANS). Using this orthogonal approach, we defined the nano-structure, in
dividual building blocks and surface morphology for IS and FCM. Importantly, we revealed significant differ
ences in the surface morphology of the iron-carbohydrate complexes. FCM shows a localised carbohydrate shell 
around its core, in contrast to IS, which is characterised by a diffuse and dynamic layer of carbohydrate ligand 
surrounding its core. We hypothesised that such differences in carbohydrate morphology determine the inter
action between iron-carbohydrate complexes and proteins and therefore investigated the NPs in the presence of 
HSA and fibrinogen. Intriguingly, IS showed significant interaction with HSA and fibrinogen, forming NP-protein 
clusters, while FCM only showed significant interaction with fibrinogen. We postulate that these differences 
could influence bio-response of the two formulations and their clinical outcome. In conclusion, our study pro
vides orthogonal characterisation of two clinically relevant iron-carbohydrate complexes and first hints at their 
interaction behaviour with proteins in the human bloodstream, setting a prerequisite towards complete under
standing of the correlation between physicochemical properties and clinical outcome.   

1. Introduction 

Iron deficiency anaemia is a global health problem with an estimated 
one billion people affected [1–4]. To treat iron deficiency anaemia, oral 
and intravenous (IV) iron-carbohydrate complexes have been devel
oped, aiming to replenish the body’s physiological iron storage and 
transport systems [5,6]. In the last decades, IV iron-carbohydrate com
plexes have gained increased popularity owing to their improved 
bioavailability, reduced gastrointestinal side effects and shortened iron 
store repletion time compared to their oral counterparts [7–9]. IV iron- 
carbohydrate complexes are comprised of an iron-oxyhydroxide core 
bound to a carbohydrate ligand [8,10–12]. These complexes are nano
particles (NPs) that are classified as non-biological complex drugs 
(NBCDs) with several brands of slightly different core-ligand properties 
available on the market [8,13,14]. Iron-carbohydrate complexes were 
specifically engineered to facilitate uptake by macrophages, which then 
transport the complexes to the key organs of the mononuclear phagocyte 
system (MPS), the liver and spleen to finally be biodegraded to mobilise 
usable iron [15,16]. In contrast to un-complexed iron oxyhydroxide, 
iron-carbohydrate complexes avoid adverse effects due to excessive iron 
release [16,17]. This design was inspired by endogenous serum ferritin, 
which stores ferric iron by creating an iron-protein complex, releasing 
iron under homeostatic demand [18–20]. The chemistry of the bonded 
carbohydrate is an important driver of the pharmacokinetic and phar
macodynamic differences in these products, as it governs the NP’s sur
face characteristics (e.g. surface charge and interaction with plasma 
proteins) and therefore the biological uptake of the iron-carbohydrate 
complex [16,21]. In this regard, iron-carbohydrate complexes with 
variations in the ligand were shown to be associated with changes in 
clearance kinetics from the serum, tissue distribution or release rates of 
bioactive iron from the NPs [15,18,20,22,23]. However, even though a 
wealth of physicochemical data and clinical studies are available, 
evidence-based correlation between physicochemical properties of the 
iron-carbohydrate complexes and clinical outcome has not been entirely 
described. 

When iron-carbohydrate complexes are administered intravenously, 
they are taken up by macrophages via pathways that have not been 
completely elucidated and are then delivered to the MPS [6,15,16,20]. 
Once within the MPS, the carbohydrate ligand is thought to be bio
degraded in the endosomal and lysosomal structures [20,24]. The iron is 
then released into a low-molecular-weight iron pool and stored safely 
within ferritin, an intracellular iron-storing protein complex [25]. From 
there, it is transported via ferroportin to transferrin, which facilitates the 
redistribution of iron to the bone marrow upon normal iron physiologic 
signaling [16,26]. While the exact details of this proposed uptake 
mechanism(s) have not been fully understood, studies on metal oxide 

NPs suggest the early interactions between NPs and blood to be funda
mental to understanding how differences in physicochemical parame
ters result in different clinical responses [27]. When NPs enter biological 
systems, processes such as NP agglomeration and chemical alterations 
may be induced by the biological media, thus reducing colloidal sta
bility. Referred to as biotransformation, these phenomena have been 
shown to alter the NP’s pharmacological properties such as bio- 
distribution, toxicity and cellular response [15,28]. Changes to the 3- 
dimensional structural identity and thus, the pharmacological profile 
of a NP, can also occur when serum proteins interact with the NP sur
face. These protein-NP interactions within biological fluids promote 
adsorption of the protein into the NP interface, which then causes for
mation of a protein corona [29,30]. As demonstrated by many studies, 
formation of a protein corona may change hydrodynamic diameter 
[31,32] and alter colloidal stability [33–35] of the NP and can even 
influence the NP’s cellular uptake [36–38] and/or bio-distribution [21]. 

The findings from studies of metal oxide NPs indicate that early 
biotransformation events and NP-protein interactions are crucial to 
understanding structure-function relationships [27,39]. While there is 
knowledge on this for other metal oxide NPs, there is still a need to 
understand how physicochemical changes of iron-carbohydrate com
plexes affect the biological interface and hence the bio-response, and 
how these surface structure changes may be applied to identify their 
critical quality attributes (CQA). The US Food and Drug Administration 
(FDA) [40] and the European Medicines Agency (EMA) [41] have 
recognized the need to fully understand CQAs to comprehend the rela
tionship between physicochemical properties and in vivo disposition of 
iron-carbohydrate complexes [42]. 

Therefore, our study aims to use orthogonal methodologies to 
comprehensively analyse the nano-structure, individual building blocks 
and physicochemical properties of the iron-carbohydrate complexes and 
their evolution during their interaction with physiological media (0.9% 
w/v NaCl solution) and two structurally different and highly abundant 
plasma proteins, human serum albumin (HSA) and fibrinogen. To ach
ieve these aims, two clinically relevant iron-carbohydrate complexes 
(Scheme 1), iron sucrose (IS) and ferric carboxymaltose (FCM), were 
characterised by microscopy and scattering techniques, namely cryo- 
scanning transmission electron microscopy (cryo-STEM), x-ray diffrac
tion (XRD), small-angle x-ray scattering (SAXS) and small-angle neutron 
scattering (SANS). With this approach, iron-carbohydrate complexes 
and their interactions with serum proteins can be more precisely and 
conclusively described compared to previous studies, setting a path to 
correlate physicochemical properties with bio-responses in vivo and 
clinical outcome. 
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2. Materials and methods 

2.1. Iron-carbohydrate complexes 

Iron sucrose (Venofer®, 20 mg Fe/mL in 5 mL ampoules, Mat No.: 
6057821, Kd. Ch..: 916211, Ch. B: 00564818, expiry date: 2022.11, CSL 
Vifor, St. Gallen, Switzerland) and ferric carboxymaltose (Ferinject®, 
50 mg Fe/mL in 10 mL ampoules, VIT-45 YV080, Lot No.: 7590012A, 
expiry date: 2020.05, CSL Vifor, St. Gallen, Switzerland) were obtained 
directly from the manufacturer. All materials were kept sealed and 
stored at room temperature until the study. 

2.2. Carbohydrates 

Sucrose and oxidised carboxymaltose were obtained directly from 
the manufacturer (CSL Vifor, St. Gallen, Switzerland). 

2.3. NaCl solution 

Sterile saline buffer 0.9% w/v was purchased from Bichsel AG and 
was used for the dilution of the iron-carbohydrate complexes. 

2.4. Human serum albumin (HSA) 

HSA is one of the most abundant protein in the human blood with 
concentrations ranging between 35 and 50 mg/mL. It has a molecular 
weight of 66.4 kDa, is very robust regarding pH, temperature changes 
and de-folding when interacting with a variety of ligands and does not 
exhibit any agglomeration in organic as well as aqueous solutions 
[43–45]. Since experiments are conducted in a pH range of 4 to 7.4, HSA 

should exist in its N-form, which is characterised by a heart-shaped 
structure [45]. The product (200 mg/mL) was purchased from CSL 
Behring (Pennsylvania, USA) and stored at room temperature under 
light protection. 

2.5. Fibrinogen 

Fibrinogen is a highly abundant plasma protein responsible for blood 
clotting through conversion into fibrin by the presence of thrombin. It is 
an elongated molecule with a molecular weight of 340 kDa that consists 
of three domain pairs that are each bonded through disulfide chains 
[46,47]. Fibrinogen is stable at high concentrations in 0.9% NaCl buffer, 
but should not be vortexed as this can lead to visible agglomeration. 
Fibrinogen (50–70% protein) was purchased from Merck Sigma Aldrich 
and stored at − 20◦C. 

2.6. Small-angle x-ray scattering (SAXS) 

SAXS studies of the stock solutions and dilutions of the iron- 
carbohydrate complexes were performed at the cSAXS beamline, Swiss 
Light Source (SLS) at the Paul Scherrer Institute (PSI, Switzerland). SAXS 
studies of the carbohydrate ligands of iron sucrose (IS) and ferric car
boxymaltose (FCM) were performed at the P12 beamline of EMBL at the 
PETRA III storage ring (DESY, Hamburg). All other SAXS studies were 
carried out using a laboratory X-ray setup (Bruker Nanostar, Bruker AXS 
GmbH, Karlsruhe, Germany). More detailed information on the SAXS 
set-up is available in the SI. 

Scheme 1. Structure, composition and synthesis route of ferric carboxymaltose (FCM) and iron sucrose (IS) (scale bar: 10 nm). Sizes of sugar molecules do not 
correspond to the scale bar. 
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2.7. X-ray diffraction (XRD) 

XRD measurements were performed using a Stoe IPDS-II instrument 
equipped with graphite-monochromatised Mo-Kα radiation (λ =

0.71073 Å, 40 mA, 50 kV, beam diameter of 0.5 mm) and an image plate 
detector. A molybdenum X-ray source was used to ensure a significant 
enhancement of the signal-to-noise ratio strongly impaired by the high 
fluorescence of iron-containing compounds when using the copper X-ray 
sources. The iron-carbohydrate complex stock solutions were filled into 
quartz capillaries (1 mm, Hilgenberg GmbH), placed in a rotating 
sample holder and measured in transmission mode for 1 h. The 
azimuthal data integration of the 2D diffraction pattern resulted in a 1D 
diffraction profile. 

2.8. Small-angle neutron scattering (SANS) 

SANS measurements were performed at the SANS-I beamline at the 
Swiss Spallation Neutron Source (SINQ) at Paul Scherrer Institute, 
Switzerland, using neutron wavelengths of λ = 0.6 nm (for FCM) and 0.5 
nm (for IS) and a wavelength resolution (Δλ/λ) of approximately 10% 
(FWHM). A resolvable q-range of 0.07 ≤ q ≤ 5 nm− 1 was achieved using 
two sample-detector distances of 2 m and 8 m. The samples were 
measured in Hellma quartz cuvettes (Hellma 100-QS, HL100–1-40, 
Hellma Analytics) with a path length of 1 mm. The cuvettes were 
positioned in front of the beam on a thermostatic sample holder set at 
25◦C. A two-dimensional 128 × 128 elements 3He gas-detector with a 
pixel size of 7.5 × 7.5 mm2 was used to detect the scattered neutrons. 
The measured data was isotropic azimuthally averaged for each q-value, 
corrected for transmission and non-uniform detector efficiency using the 
scattering of a water sample and subtracted by the scattering contribu
tion of the quartz cuvette using the BERSANS software [48]. To obtain 
the final data, the incoherent scattering was subtracted and the data 
points were thinned out by averaging neighbouring data points 
depending on the error bar and q difference using Matlab 2022. 

2.9. Cryo-(scanning) transmission electron microscopy (cryo-(S)TEM) 
and image analyses 

Complex TEM studies of the iron-carbohydrate complexes were 
performed at ~80 K employing both operation modes of TEM, parallel 
illumination (TEM mode) and conical illumination (scanning TEM, i.e. 
STEM mode). The vitrified specimen material and stable low- 
temperature environment around the specimen inside the TEM instru
ment helped to preserve the most natural state and structural and 
thermal stability of the specimen during the studies. Electron radiation 
damage and any kinetic effects leading to the coalescence and phase 
transformations of the iron-carbohydrate complexes were minimised or 
eliminated at liquid nitrogen temperature. Cryo-TEM analyses provided 
statistically representative and low electron dose information relying on 
the automated and semi-automated routines for data acquisition from 
large areas of the TEM specimens. Data acquisitions during cryo-STEM 
measurements were performed manually to ensure the most optimal 
focus of the nano-sized features and minimal or none electron beam- 
induced damage from the highly focused STEM probe. The cryo-STEM 
morphological analyses were complemented by analytical studies 
using the energy dispersive X-ray spectroscopy (EDS) employed in the 
spectrum image mode of EDS STEM. A detailed description of the con
ditions and parameters of cryo-TEM and cryo-STEM experimental pro
cedures, EDS as well as the information on the manual and automated 
image analyses, are available in the SI. 

3. Results and discussion 

3.1. Structural characterisation of iron-carbohydrate complexes 

3.1.1. Morphology of iron-carbohydrate complexes 
Morphological and analytical studies of iron sucrose (IS) and ferric 

carboxymaltose (FCM) were performed by cryo-scanning transmission 
electron microscopy (cryo-STEM) and statistically verified by cryo-TEM. 
Then, x-ray diffraction (XRD) studies of nanoparticle (NP) stock solu
tions were carried out to identify the crystal structure and ascertain the 
size of the iron core of the iron-carbohydrate complexes. Using these 
STEM and XRD data as inputs, the structure of both IS and FCM was 
modelled in solution using small-angle x-ray scattering (SAXS) and 
small-angle neutron scattering (SANS), particularly aiming at the 
morphology of the iron core, possibly formed clusters (i.e. size, shape, 
polydispersity and arrangement) and the morphology of the stabilising 
carbohydrate ligand. 

Fig. S1a–c shows the representative cryo-STEM data of FCM, 
including three different signals: bright field (BF STEM), high-angle 
annular dark field (HAADF STEM) and low-angle annular dark field 
(LAADF STEM). LAADF STEM provided the prominent diffraction signal 
of the iron cores of the NPs due to their crystalline nature, while the 
carbohydrate ligand signal was very weak. LAADF signal micrographs 
were chosen as the most suitable for both automated and manual image 
analysis routines. The energy dispersive X-ray spectroscopy (EDS) STEM 
verified the Fe signal within the clusters of IS and FCM (see SI and 
Fig. S2). 

3.1.1.1. Iron sucrose. The LAADF electron micrographs of an 1:10 
dilution of IS are shown in Fig. 1a. For IS, clusters with a high aspect 
ratio were visible. These clusters varied in elongation, occasionally 
connecting to form larger agglomerates (Fig. 1a, red arrows). The 
clusters consisted of multiple crystalline iron cores, often arranged 
equidistantly within the cluster. These iron cores will from now on be 
referred to as single NPs. Single NPs only attached at the tips of the 
clusters rather than on the lateral edges, indicating that clusters only 
grow into one spatial dimension. Additionally, a significant number of 
free single NPs were visible. 

More accurate assessment of the cluster morphology as well as the 
inter-particle distance within a cluster was performed using manual 
image analysis (see SI, Fig. S1). Manual image analysis gave a single NP 
size of 2.0 nm and an average inter-particle distance along a cluster to be 
within the 2.0 to 3.0 nm interval. The length and width of the clusters 
were estimated at 9.2 nm and 3.6 nm on average (Table S1). 

To obtain reliable statistical data on the cluster morphology (cluster 
diameter, cluster fraction and cluster shape) automated image analysis 
using a machine-learning algorithm (see SI, Fig. S3) was performed. The 
distribution of equivalent diameters for IS was very broad and statistical 
analysis could not verify the existence of more than one size population 
(Fig. 1b). The mean equivalent diameter of the clusters was 6.7 ± 2.4 nm 
(Table 1, see SI for more details). Interestingly, several maxima (4.0, 6.0, 
8.5, 10.5 and 12.5 nm) with an average distance of 2.0–2.5 nm between 
each other were observed in the histogram. These quantised maxima 
suggest defined clusters (e.g. dimers, trimers or multimers) built up by 
linear alignment of single NPs at a certain inter-particle distance, 
pointing towards our work hypothesis that the growth of the clusters 
happens only in one spatial dimension (unidirectionally). Based on this 
cluster formation process, the size of the single NPs, size of the clusters 
and inter-particle distance (2.0 nm, 6.7 nm and 2.0–3.0 nm, respec
tively) an average of two to three NPs per cluster was assumed. For 
further analysis of the cluster shape using the degree of eccentricity (as 
the deviation from the spherical shape), and the cluster fraction see the 
SI and Fig. S4a and c. 
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3.1.1.2. Ferric carboxymaltose. For FCM, well-separated clusters with a 
larger minor diameter than those of IS were identified (Fig. 1c). The 
clusters were comprised of multiple crystalline single NPs arranged as 
strands equidistantly within the cluster, similar to IS. However, they 
seemed to attach at both the tips and the lateral edges of the clusters, 

indicating that single NPs grow into two spatial dimensions (bidirec
tionally). Additionally, a significantly smaller number of free single NPs 
was observed compared to IS. 

From manual image analysis of the LAADF micrograph of FCM 
(Fig. S1d–f), it was clear that single NPs had a size between 1.9 and 2.2 

Fig. 1. Low-angle annular dark-field (LAADF) cryo-scanning transmission electron microscopy (STEM) micrographs (scale bar: 20 nm) of iron sucrose (IS) and ferric 
carboxymaltose (FCM) at 1:10 dilution in milliQ-water together with the results from automated image analysis. (a) IS forms needle-like clusters made up of single 
nanoparticles (NPs). Agglomerates formed by attachment of IS clusters are indicated with red arrows. (c) FCM forms two populations of clusters: larger clusters made 
up of multiple single NPs and smaller clusters made up of two single NPs. Histogram of equivalent diameters (bin = 0.5) determined by automated image analysis for 
an 1:10 dilution of (b) IS and (d) FCM. Equivalent diameters left to the red dotted line are associated with single NPs. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Structural parameters determined from manual and automated image analysis of cryo-scanning transmission electron microscopy (cryo-STEM) data of iron sucrose (IS) 
and ferric carboxymaltose (FCM) for single nanoparticles (NPs) and clusters. The mode of each size population of FCM, determined by statistical analysis (Fig. S5), is 
also shown.   

Contribution Mean eq. diameter [nm] Eccentricity Cluster fraction Mode [nm] 

Iron sucrose Single NPs 2.0 ± 1.0 0.64 ± 0.19 0.127 / 
Clusters 6.7 ± 2.4 0.69 ± 0.20 0.875 / 

Ferric carboxymaltose 
Single NPs 2.0 ± 1.0 0.72 ± 0.19 0.118 1.7 

Clusters 9.3 ± 4.1 0.84 ± 0.16 0.882 
Small: 4.4 
Large: 10.5  
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nm and an average inter-particle distance of 2.5 to 3.0 nm. The width of 
the clusters was 5.7 nm and the length was 17.0 nm (Table S1). 

Automated image analysis showed the distribution of equivalent 
diameters to be very broad (Fig. 1d). The mean equivalent diameter of 
the clusters was 9.3 ± 4.1 nm, which is significantly higher compared to 
IS (Table 1). A more in-depth statistical analysis of the histogram (see SI) 
indicated three distinct peaks in the histogram, implying the existence of 
three size populations (Fig. S5a). First, a peak with a mode of 1.7 nm, 
which was associated with single NPs in accordance with the value 
calculated from the manual image analysis, was observed. Secondly, a 
peak at 4.4 nm was observed, corresponding to a distinct population of 
particularly stable small clusters formed by a NP dimer (based on a 
single NP size of 2 nm and an inter-particle distance of 2.5–3.0 nm) as 
seen in Fig. S6. Lastly, a peak with a mode of 10.5 nm was observed, 
associated with particularly stable large clusters. These findings indicate 
the arrangement of single NPs preferably into smaller (4.4 nm) clusters 
and larger clusters (10.5 nm), while less stable clusters also exist in 
between the distribution. In the case of FCM, the average number of 
single NPs per cluster is difficult to estimate as clusters exhibit bidirec
tional growth. For further analysis of the cluster shape and cluster 
fraction see the SI and Fig. S4b, c. 

Our findings for both complexes agree well with previous (cryo)- 
TEM studies on IS and FCM. In these, IS had a size between 2 and 5 nm 
and was spherically shaped [11,49,50]. However, due to a significantly 
lower signal-to-noise ratio, IS clusters were most likely interpreted as 
single NPs leading to an overestimation of the single NP size in some of 
the studies. For FCM, Jahn et al. determined a size of 11.7 ± 4.4 nm 
corresponding to FCM clusters, while the single NP size was not defin
able [49]. The ability to measure single NPs of FCM for the first time 
demonstrates the improvement brought by our cryo-STEM approach. 

3.1.2. Crystal structure and crystallite size of the single NPs 
The size of IS and FCM single NPs and their crystal structure was 

determined by XRD using the NP stock solutions. The goal was to obtain 
further information on the NP size and the crystallographic phase of the 
single NP building blocks of IS and FCM and to confirm the results of the 
prior cryo-STEM experiments. A high number of broad and overlapping 
diffraction peaks were observed for FCM (Fig. 2b). The size of FCM 
single NPs was estimated by calculating the mean coherence length, 
resulting in a determined value of 2.6 ± 1.1 nm. This was consistent 
with results from the cryo-STEM analysis but differed from earlier XRD 
studies [49,51] done on powders rather than solutions of FCM. Those 
crystallite sizes were estimated between 4 and 5 nm, significantly higher 
than our solution measurements, which was explained by a high 

standard uncertainty often seen for small-sized NPs. Analysis of the 
crystal phase indicated an akaganeite structure (β-FeOOH, #12 I2/m, 
COD No. 9001319), which is in accordance with earlier studies [52]. A 
significantly lower number of broad diffraction peaks was observed for 
IS (Fig. 2a). The mean coherence length was estimated as 3.9 nm, which 
was slightly higher compared to our cryo-STEM experiments but is 
consistent with previous XRD studies [11,49,51] The analysis of present 
crystal phases gave the best correspondence to ferroxyhyte (δ-FeOOH, 
#164 P-3 m, COD No. 1008762) as the main phase with the presence of 
other possible minor phases such as goethite (α-FeOOH, space group 
#62 Pnma, COD No. 9002158) and lepidocrocite (γ-FeOOH, space group 
#63 Cmc21, COD No. 9015231). Our work accentuates the ambiguity 
raised by previous XRD studies, which have associated IS crystallinity 
with akaganeite, lepidocrocite or ferrihydrite crystal structure; those 
ambiguities are mostly due to the general low crystallinity of the sample 
and the limited number of diffraction peaks [11,52]. 

3.1.3. Model of the nano-structure of the iron core of iron-carbohydrate 
complexes 

The knowledge gained from cryo-STEM and XRD on the nano- 
structure and individual building blocks of both iron-carbohydrate 
complexes was used to further describe and refine these structures 
using SAXS. Due to a significant difference in scattering length density 
(SLD) between iron oxyhydroxide and carbohydrate with respect to the 
SLD of the solvent, the scattering intensity in SAXS stems mostly from 
the iron core. However, an elevated background at the high q region was 
observed for both IS and FCM related to their unbound sugars (see SI and 
Fig. S7). 

To study possible dilution effects, increasing dilutions of iron- 
carbohydrate complexes in milliQ-water were prepared. 

3.1.3.1. Iron sucrose. The SAXS curves of IS (Fig. 3a) represented multi- 
component power law profiles typical for clustered and/or polydisperse 
systems at all dilution ratios, which is consistent with the broad size 
distributions observed in cryo-STEM. At low q, all scattering curves 
exhibited a plateau before the intensity started to decay until approxi
mately q = 2.0 nm− 1. For the 1:10 dilution of IS, however, a slight up- 
turn at very low q was evident, which further increased at 1:50 dilu
tion ratios (Fig. 3a, black arrows). This was explained by the scattering 
of very large domains, whose size was estimated to be at least 100 nm, 
which will be discussed later on. 

To fit the scattering curves of IS with an appropriate model, several 
assumptions based on the prior cryo-STEM and XRD data were used. The 
best obtained fit for IS was realised with two components: i) clusters 

Fig. 2. X-ray diffraction (XRD) patterns for IS and FCM. (a) XRD pattern of IS (blue) showing the indexed main phase ferroxyhyte (red, COD: 1008762). (b) XRD 
pattern of FCM (blue) showing the indexed akaganeite phase (red, COD: 9001319). Green shows the respective phase patterns for FCM with the corresponding hkl- 
values. Red shows the Rietveld refined phase information. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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made up of single NPs and ii) unbound sucrose in solution (see Table 2 
and SI for more details). The model describes the clusters as polydisperse 
prolate spheroids with an equatorial diameter of 2.0 nm and a polar 
diameter of 8.0 nm following a Gamma size distribution in both axes, 
made up of multiple single NPs of 2.0 nm. 

The observed up-turn at low q in the 1:10 and 1:50 dilution curves of 
IS suggests the presence of large domains (> 100 nm) outside our 
analytical window. These domains were hypothesised to be related to 
the formation of agglomerates through the attachment of individual IS 
clusters, a phenomenon already partly observed in our cryo-STEM data 
(Fig. 1a, red arrows). The formation of larger structures was also seen in 
size-exclusion chromatography (SEC) measurements of IS upon dilution 
in phosphate buffer. In these, a shift of the typical IS peak (31 min, 
34,000 Da) towards lower elution times (26 min, 192,000 Da) and a 6- 
fold increase in molecular weight was observed when an 1:2 dilution of 

IS was further diluted to 1:20, indicating the formation of higher- 
molecular-weight structures (Fig. S14, Table S3). Interestingly, no up- 
turn at low q was evident at an 1:100 dilution, likely due to agglomer
ates becoming too large to be observed in our analytical window. An 
explanation for the observed agglomerates can be the removal of the 
stabilising carbohydrate ligand during water dilution, impacting the 
colloidal stability of the IS clusters to promote their agglomeration. 
However, modelling of these domains is outside the scope of this study 
and would require additional ultra-small-angle scattering experiments 
for an extended q-range (< 0.01 nm− 1). 

The size of the clusters was in agreement with previous dynamic light 
scattering (DLS) data of IS giving a hydrodynamic diameter of dh = 8.3 
nm [53]. However, polydispersity of clusters was significantly higher 
compared to the DLS data [49] of 1:50 diluted IS (48.2 vs 19.2%). 

Fig. 3. Small-angle x-ray scattering (SAXS) data and model fits of (a) IS and (b) FCM at stock solutions and different dilutions (1:2, 1:10, 1:50 and 1:100). The SAXS 
model describes IS as prolate spheroidal clusters made up of single NPs with unbound sucrose in solution. The SAXS model describes FCM as large prolate spheroidal 
clusters made up of single NPs, small prolate spheroidal clusters made up of two single NPs and free single NPs with unbound carboxymaltose in solution. The 
observed up-turn in the 1:10 and 1:50 dilution data of IS and the observed down-turn in the stock solution of FCM is indicated with black arrows. 

Table 2 
Determined structural parameters from fitting small-angle x-ray scattering (SAXS) data of IS and FCM for different dilutions. Input parameters determined from cryo- 
STEM and x-ray diffraction (XRD) are given without confidence intervals. de [nm]: equatorial diameter of the spheroid, dp [nm]: polar diameter of the spheroid, PDIdp/ 

de [%]: polydispersity index of the polar and equatorial diameter, k: shape parameter of the Gamma size distribution, r: cluster radius [nm], Ф: volume fraction of the 
clusters, λ: screening length [nm], K: potential strength [J].   

Large cluster Small cluster Single NPs 

FCM χ2 de dp PDIdp/de de dp PDIdp/de de dp PDIdp 

stock 6.2 5.7 17. 0 38.1 ± 0.3 2.62 ± 0.02 5.2 21.0 ± 1.0 1.5 2.0 10.0 
1:2 3.5 5.7 17.0 38.2 ± 0.3 2.62 ± 0.02 5.2 20.8 ± 0.6 1.5 2.0 10.0 
1:10 27.1 5.7 17.0 34.0 ± 0.1 2.58 ± 0.02 5.2 19.0 ± 2.0 1.5 2.0 10.0 
1:100 1.1 5.7 17.0 34.2 ± 0.1 3.24 ± 0.03 5.2 5.8 ± 2.7 1.5 2.0 10.0  

Cluster interaction      

FCM r Ф λ K R      

stock 7.9 0.0122 0.25 ± 0.01 − 29.9 ± 0.5 82.0      
1:2 7.9 0.0062 0.18 ± 0.01 − 30.7 ± 0.5 161.0       

Cluster      

IS χ2 de dp k PDIdp/de      

stock 2.2 2.0 8.0 ± 0.1 6.33 ± 0.02 47.2 ± 3.6      
1:2 1.3 2.0 8.3 ± 0.1 6.25 ± 0.02 47.6 ± 3.6      
1:10 1.1 2.0 9.1 ± 0.1 6.31 ± 0.02 47.3 ± 3.6      
1:50 3.8 2.0 8.9 ± 0.2 6.15 ± 0.03 48.2 ± 3.6      
1:100 2.1 2.0 9.9 ± 0.1 6.47 ± 0.03 46.5 ± 3.3       
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3.1.3.2. Ferric carboxymaltose. The SAXS curves of FCM (Fig. 3b) rep
resented multi-component power law profiles typical for clustered and/ 
or polydisperse systems at all dilution ratios, which is consistent with the 
broad size distributions observed in cryo-STEM. An inflection point at q 
= 1 nm− 1 was observed, likely indicating the overlap between 2 or more 
scattering contributions from different populations of clusters as seen in 
cryo-STEM. For the less diluted curves (stock and 1:2), a down-turn was 
visible between q = 0.03 and 0.2 nm− 1, likely related to interactions 
between clusters. 

To fit the scattering curves of FCM with an appropriate model, 
several assumptions based on the cryo-STEM and XRD data were used. 
The best obtained fit for FCM was realised with a hierarchical system of 
4 components: i) large clusters made up of single NPs, ii) small clusters 
made up of single NPs, iii) free single NPs and iv) unbound carbox
ymaltose in solution (see Table 2 and SI). The model describes the large 
clusters as polydisperse prolate spheroids with an equatorial diameter of 

5.7 nm and a polar diameter of 17.0 nm and the small clusters as 
polydisperse prolate spheroids with an equatorial diameter of 2.6 nm 
and a polar diameter of 5.2 nm with both following a Lognormal size 
distribution in both axes. The single NPs acting as building blocks for 
both types of clusters and the one’s freely floating in solution, are 
described as polydisperse prolate spheroids with an equatorial diameter 
of 1.5 nm and a polar diameter of 2.0 nm following a Lognormal size 
distribution only in the long axis. 

The model describes the observed down-turn at low q for a stock 
solution of FCM as interactions between large clusters through their 
arrangement at an average distance of 82.0 nm governed by electrostatic 
repulsion (Eq. S7). As indicated by the calculation of an experimental 
structure factor (Fig. S8a), this distance increases with increasing dilu
tion from 82.0 to 161.3 nm, which is related to the increasing separation 
of large clusters. Higher-order peaks were non-existent, implying that 
large clusters arrange randomly and/or are highly polydisperse. The 

Fig. 4. Small-angle neutron scattering (SANS) data of iron-carbohydrate complexes with the corresponding model fits and analysis of the match point. (a) SANS data 
and model fits of IS for different ratios of H2O to D2O. The SANS model describes the carbohydrate ligand of IS as a diffuse and dynamic layer surrounding the prolate 
clusters of IS. (b) SANS data and model fits for an 1:10 dilution of FCM for different ratios of H2O to D2O. The SANS model describes the carbohydrate ligand of FCM 
as a localised ellipsoidal shell of 3.3 nm surrounding the large prolate clusters of FCM. (c) Analysis of the match point for IS (black) and for FCM (red). The local 
minimum is shown with a blue arrow. (d-f) Schematic representation of a contrast variation experiment of an ellipsoidal shell structure for three different H2O to D2O 
ratios. Different colours indicate different scattering length densities (SLDs) of the solvent. (d) refers to an H2O to D2O ratio of 90:10, (e) to a ratio of 54:46 and (f) to a 
ratio of 0.8:99.2 as indicated in (c) with red labels. Calculations for these ratios are found in the SI. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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gradual decrease in inter-cluster interactions indicated by a gradual 
decrease in the observed down-turn was further evident when experi
mental SAXS curves for very low dilutions of FCM (97.5:25, 95:5 and 
90:10) were measured (Fig. S8c and d). Interestingly, when FCM was 
measured at a very low q-range (< 0.04 nm− 1), a similar up-turn as 
already observed for IS, was evident (Fig. S8b). This was hypothesised to 
be related to FCM agglomerates in analogy to the observed IS agglom
erates, which we did not incorporate in our model. 

The large clusters’ size was in agreement with previous DLS studies 
giving a hydrodynamic diameter of dh = 21.3 nm [49]. However, 
polydispersity of large clusters was significantly higher compared to the 
DLS data of 1:125 diluted FCM (34.2 vs 7.0%). 

Comparing our final models for IS and FCM, it was found that IS 
clusters were significantly smaller than FCM clusters, but had a higher 
aspect ratio. While the trend for the cluster size is in line with our cryo- 
STEM experiments, the trend for the aspect ratio differs. Here, cryo- 
STEM suggests IS to be less ellipsoidal and have a lower aspect ratio. 

A possible reason for this discrepancy in shape information between 
cryo-STEM and SAXS may be related to SAXS obtaining 3D information, 
while the STEM data are acquired as two-dimensional projections. The 
trend of the aspect ratios of the two complexes, determined from the 
SAXS models, was additionally supported by analysing the SAXS data in 
real space via the generalised indirect Fourier transform (GIFT) method 
(see SI, Fig. S9). The determined polydispersities of both IS and FCM 
clusters were generally higher than the values for existing DLS data but 
agreed with an increased polydispersity of IS compared to FCM [49,53]. 

When our model is compared to other SAXS studies on iron oxide 
NPs, hierarchical models are often applied. For instance, in a study on 
oleic acid-coated iron oxide NPs, a model was chosen that assumes 
spherical clusters built by spherical single NPs interacting through a 
structure factor with each other [54]. Other studies use a pearl-necklace 
model [55] or shape-independent models that assume fractal clusters 
[56]. These types of models were not used as the aim was to explain the 
shape of our system rather than their fractal structure. 

Fig. 5. Conclusive visualisation of the structural model based on the input data from cryo-STEM and XRD and further orthogonal analysis with SAXS and SANS for 
(a) FCM and (b) IS. The indicated numbers are average values calculated from the structural model and have a certain variance based on their respective poly
dispersity. Dark brown represents a single NP and light brown a cluster, while blue represents the carbohydrate ligand of FCM (i.e. carboxymaltose) and green the 
carbohydrate ligand of IS (i.e. sucrose). IS agglomerates are visualised based on the observed up-turn at low q-values for higher dilutions without application of a 
model. The blue arrow corresponds to the inter-cluster distance between large clusters of FCM. The carbohydrate shell is visualised for an 1:10 dilution of FCM. 3D 
models of crystal structures of IS and FCM single NPs are displayed in black windows. The size of carbohydrate structures was estimated by the known molecular size 
of a sucrose unit (9 Å) [58] and assumed to be intercalated in between single NPs within a cluster. Carbohydrate structures were created with Biorender.com. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.1.4. Model of the nano-structure of the carbohydrate ligand 
The goal of the SANS experiments was to resolve the shape, size and 

arrangement of the carbohydrate ligand surrounding the iron- 
carbohydrate complexes, which was not visible in SAXS due to a 
significantly lower SLD difference between the carbohydrate and the 
solvent compared to iron oxyhydroxide. Different dilution procedures 
were chosen for FCM and IS, respectively (see SI, Fig. S16). 

3.1.4.1. Iron sucrose. For contrast variation of IS, the H2O to D2O ratio 
was varied from 0:100 to 100:0. With increasing D2O ratio the scattering 
intensity gradually decreased due to changes in the SLD of the solvent. 
No indication of additional features such as oscillations from a mono
disperse ellipsoidal or spherical shell structure was visible in any of the 
curves (Fig. 4a). For a theoretical polydisperse and heterogenous two- 
phase system (iron core and carbohydrate ligand), a local minimum is 
expected when analysing the match point (see SI). Such a local minimum 
was not observed for IS, indicating the absence of a scattering signal 
from bound carbohydrate ligand (Fig. 4c, black). Based on these 

findings, the best obtained fit for IS for all SANS curves was realised by 
using the same model as in the prior SAXS analysis. This model describes 
the carbohydrate ligand as a dynamic and diffuse layer surrounding the 
prolate and polydisperse clusters of IS. Thus, no significant scattering 
contribution of a localised carbohydrate shell is present around IS 
clusters (Fig. 5b). 

3.1.4.2. Ferric carboxymaltose. For FCM, the H2O to D2O ratio was 
varied from 100:0 to 10:90 showing a gradual intensity decrease with 
increasing D2O ratio until 25:75, from where it started to increase again. 
From this inflection point and for higher D2O ratios, oscillations started 
to appear indicating the onset of an additional form factor (Fig. 4b). 
Analysis of the match point indicated a local minimum, estimated at an 
H2O to D2O ratio of 27:73, before the forward scattering increased again 
(Fig. 4c, red). This behaviour is typical for a polydisperse and heterog
enous two-phase system and indicates the existence of bound carbohy
drate ligand. 

The best obtained fit for FCM for all SANS curves was therefore 

Fig. 6. SAXS data and model fits of human serum albumin (HSA) mixed with (a) IS (1:50) and (b) FCM (1:100) and fibrinogen mixed with (c) IS (1:50) and (d) FCM 
(1:100) in saline buffer. SAXS data of FCM (1:100) and IS (1:50) in saline buffer were added for comparison. The SAXS model indicates interaction of IS with both 
HSA and fibrinogen through formation of fractals from IS clusters and protein molecules. The same behaviour is observed for FCM but only with fibrinogen. 
Scattering contributions of pure HSA and fibrinogen were subtracted from the final data. SAXS data of the protein-NP mixtures were manually offset towards the 
background level of the pure NP solutions for better clarity. 
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realised by using the same model as in the prior SAXS analysis with an 
additional carbohydrate shell contribution (see SI). This model describes 
the carbohydrate ligand around the large clusters of FCM as a localised 
ellipsoidal shell with a constant thickness of 3.3 nm and a solvent con
tent of 67% (Table S5). The carbohydrate ligand around both the small 
clusters and the single NPs of FCM is described by a localised ellipsoidal 
shell with a constant thickness of 1.5 nm and a solvent content of 67% 
(Fig. 5a). Interestingly, SANS curves for ratios of 30:70, 25:75 and 20:80 
deviated from the model at q < 0.3 nm− 1, which may be related to in
teractions between the carbohydrate shell of large clusters, small clus
ters and single NPs. We refrained from modelling this with an additional 
structure factor as this would be outside the scope of our study. 

The obtained overall equivalent diameter of 18.0 nm (Eq. S14) aligns 
with sizes from previous DLS analysis results (dh = 23.1 nm, core + shell 
complex) [49]. Furthermore, the determined shell thickness for single 
NPs (t = 1.5 nm) matches the inter-particle distance observed in cryo- 
STEM (2.5–3.0 nm) when a 3.0 nm separation between neighbouring 
NPs with intercalating carbohydrate ligand is assumed. Our results also 
match well with existing atomic-force microscopy (AFM) data of IS and 
experimental AFM data of FCM as highly diluted IS showed an average 
diameter of 6.0 ± 2.0 nm [11], while three different batches of FCM 
showed a substantially higher average diameter of 20.9 ± 4.6 nm 
(Fig. S15 and Table S4). 

Regarding the differences in surface morphologies between the two 
iron-carbohydrate complexes, the findings are in agreement with pre
vious studies by NMR that look at the molecular interactions between 
the iron core and carbohydrate ligand [16,57]. While in IS the iron core 
mainly interacts through hydrogen bonding and van der Waals forces 
with its carbohydrate ligand, in FCM additional coordination bonds in 
the carbohydrate ligand are present, facilitating an increased interaction 
with the iron core through chelation [11,16,57]. This increases the 
overall number of interactions and makes the carbohydrate ligand of 
FCM more localised to its iron core compared to IS, which can be seen as 
a diffuse and dynamic layer of carbohydrate ligand. 

3.2. Interactions of iron-carbohydrate complexes with biological buffer 
and plasma proteins 

To look at the effect of biotransformation on the NP’s structure, a 
solution of NaCl 0.9% w/v in milliQ-water was chosen as a buffer system 
since it is used for dilution of iron formulations during IV administration 
to the patient. The SAXS curves for 1:50 and 1:100 dilutions of IS and 
FCM in 0.9% w/v NaCl, respectively, as well as water are shown in 
Fig. S12. No clear difference was observed between the SAXS curves in 
milliQ-water and in 0.9% w/v NaCl for both iron-carbohydrate com
plexes, confirming the complex’s colloidal stability in this buffer. 

Fig. 7. Conclusive visualisation of the structural model describing the interaction of IS with (a) HSA and (b) fibrinogen and the interaction of FCM with (c) HSA and 
(d) fibrinogen through formation of fractal NP-protein clusters based on SAXS and SANS. Dark green represents an HSA protein molecule, while dark blue represents 
a fibrinogen glycoprotein. Red symbols or annotations indicate the size of the proteins and the surface charges of the iron-carbohydrate complexes known from Zeta 
potential studies [49]. Blue annotations indicate the estimated size of the NP-protein clusters. Protein structures were created with Biorender.com. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2.1. Human serum albumin (HSA) interaction 
The interaction of both IS and FCM with HSA was studied at a nearly 

physiological HSA concentration with concentrations of IS and FCM 
resembling IV administration doses. Upon addition of the protein, an up- 
turn at low q was evident for a mixture of HSA and IS in saline (Fig. 6a) 
after subtracting the scattering contribution of pure HSA (Fig. S13a, 
green). The up-turn was described by the interaction of HSA molecules 
with IS clusters through random arrangement into fractal NP-protein 
clusters with estimated sizes >16.0 nm (fractal dimension = 2.2, 
scaling factor = 2.5•10− 3, Table S2, Eq. S10) and fitted using a simple 
power law (Eq. S11) as depicted in Fig. 6a. No evidence for a protein 
corona (cluster core and protein shell) as observed in other studies [59], 
was found in our observation window. Because no correlation peaks 
were observed in measurements at a very low q-range (0.03–0.2 nm− 1), 
ordered self-assembled structures from clusters and HSA, as seen in 
studies with gold NPs [60], were also ruled out (Fig. S13b). As proteins 
have the same size (HSA, 8.5 nm [61]) or a bigger size (fibrinogen, 45.0 
nm [46]) compared to both iron-carbohydrate complex clusters, 
agglomeration caused by a depletion effect of the protein molecules was 
excluded. When looking at the interaction of FCM with HSA, no changes 
in the scattering curves were observed for a mixture of FCM and HSA in 
saline, indicating a lack of interaction (Fig. 6b). 

3.2.2. Fibrinogen interaction 
The interaction of both iron-carbohydrate complexes with the much 

bigger-sized and elongated macromolecule, fibrinogen, was investigated 
at a physiological protein concentration. Similarly, an up-turn for 
fibrinogen was observed after subtraction of the scattering of pure 
fibrinogen (Fig. S13a, blue), but this time for both complexes. The up- 
turn was described by the interaction of fibrinogen molecules with 
iron-carbohydrate complex clusters through random arrangement into 
fractal NP-protein clusters and fitted with the same model as for HSA 
(Eq. S11) as depicted in Fig. 6c and d. It was found that IS clusters un
dergo a stronger interaction with fibrinogen compared to the clusters of 
FCM. This is indicated by a 5-fold increase in the up-turn for IS 
compared to FCM (a = 4.0•10− 3 vs. 8.0•10− 4, Table S2), while the 
arrangement of the NP-protein clusters was the same for both complexes 
(fractal dimension = 2.0). 

The significant difference in HSA interaction between IS and FCM 
can be related to the difference in the surface morphology of their 
respective carbohydrate ligand (Fig. 7a and c). Since IS has a dynamic 
and diffuse layer of carbohydrate ligand, as observed in our SANS 
measurements, proteins can easily absorb or interact with the iron core 
of IS as no electrostatic or steric forces are present. In contrast, the 
localised carbohydrate shell of FCM causes a sterical or electrostatic 
barrier hindering the interaction with HSA. The difference in HSA 
interaction is also explained by differences in the surface charge and 
functionalisation of IS and FCM. IS has a negative Zeta potential at pH 
values between 4 and 11 together with a high amount of deprotonated 
hydroxy groups [16,49]. This facilitates interaction with site I (warfarin 
site) on domain II of HSA, known to interact with negatively charged 
compounds [62]. This is not the case for FCM, where a Zeta potential 
close to zero is observed at pH values lower than 7 and most of the 
hydroxy groups are protonated. 

The difference in fibrinogen interaction between FCM and IS was 
explained by differing surface morphologies of the iron-carbohydrate 
complexes as discussed before (Fig. 7b and d). Surface charge differ
ences of the iron-carbohydrates complexes should not play a role here, 
as fibrinogen possesses domains interacting both with negatively 
charged (D and E domain) and positively charged compounds (aC-chain) 
[63]. However, this does not explain the difference in interaction when 
FCM is mixed with HSA compared to fibrinogen, which should be related 
to the difference in shape, size or the binding affinity of the proteins. For 
instance, Canoa et al. observed significantly higher binding affinities 
between fibrinogen and Al2O3, TiO2 and CeO2 NPs compared to HSA via 
surface plasmon resonance [64], agreeing with our results. 

4. Conclusion 

In this study, we further explored and modelled the nano-structure 
and individual building blocks of two clinically relevant iron- 
carbohydrate complexes, IS and FCM. Although iron-carbohydrate 
complexes have been on the market for over seven decades, only now 
a more comprehensive structural understanding of the iron core and the 
surrounding carbohydrate ligand of the two formulations becomes 
available. We found differences in the nano-structure between both iron- 
carbohydrate complexes apparent in their cluster formation, crystal
linity and carbohydrate ligand morphology. Additionally, we observed 
differences in serum protein interactions between the two formulations 
and hypothesise the difference in carbohydrate ligand morphology plays 
a key role in their protein interaction behaviours. This discrepancy in 
serum protein interactions may, in turn, affect how the two formulations 
are perceived in the bloodstream, with FCM potentially being recog
nized as a bare cluster with a carbohydrate surface, while IS as a NP- 
protein cluster. This could explain differences in bio-responses, such 
as changes in clearance kinetics from serum, macrophage uptake and 
release rates of bioactive iron from the NP [27,39]. 

For the methodology employed in this study, it was essential to 
combine morphological information from cryo-STEM with high- 
statistics data from SAXS to characterise the iron core and comple
ment these data with SANS to elucidate the carbohydrate ligand 
morphology. 

The methods described in this study have the potential to further 
refine the critical quality attributes (CQAs) for the complex class of iron- 
carbohydrate nanomedicines, in particular ligand morphology, which 
remains poorly described. They are also applicable to other NBCDs and 
clinically relevant core-shell systems with organic surface structures. 
This orthogonal approach can facilitate a more detailed understanding 
of the impact of small variations in physicochemical characteristics (i.e. 
CQAs) on relevant biological interactions in vivo and ultimately clinical 
outcomes. It provides the scientific foundation to further explore the 
dynamic behaviour of iron-carbohydrate complexes in more complex 
bio-relevant systems such as protein-rich whole blood or the highly 
acidic environment within cell lysosomes. 
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