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ARTICLE INFO ABSTRACT

Keywords: Intravenous iron-carbohydrate nanomedicines are widely used to treat iron deficiency and iron deficiency
Iron-carbohydrate complex anemia across a wide breadth of patient populations. These colloidal solutions of nanoparticles are complex
Orthogonal drugs which inherently makes physicochemical characterization more challenging than small molecule drugs.
Physicochemical characterization here h b d in physicochemical ch - hni hasd ic ligh Rk

Mésshater There have been advancements in physicochemical characterization techniques such as dynamic light scattering
SAXS and zeta potential measurement, that have provided a better understanding of the physical structure of these
SANS drug products in vitro. However, establishment and validation of complementary and orthogonal approaches are
Biorelevance necessary to better understand the 3-dimensional physical structure of the iron-carbohydrate complexes,

particularly with regard to their physical state in the context of the nanoparticle interaction with biological
components such as whole blood (i.e. the nano-bio interface).

1. Introduction

Iron deficiency is a global health problem that is associated with a
wide variety of underlying etiologic conditions including chronic kidney
disease, heart failure, underlying inflammatory conditions, cancer,
bariatric surgery as well as menorrhagia and post-partum bleeding
(Cappellini et al., 2020). Iron is a key driver for erythropoiesis and
formation of red blood cells but it is also a critical element in cellular
processes including mitochondrial energy metabolism (Richards et al.,
2021). Many of the diseases associated with iron deficiency are chronic
and require repeated doses of iron supplementation (Cappellini et al.,
2020). Intravenous iron-carbohydrate products were developed to
circumvent the challenges of gastrointestinal tolerability of oral iron
salts such as ferrous sulfate which can result in poor patient adherence
(Auerbach and Ballard, 2010). Early studies evaluating intravenous
administration of mononuclear and polynuclear iron as well as ferric
oxide demonstrated significant, unacceptable toxicity risks (Goetsch and
Moore, 1946). Drug design and development programs resulted in
carefully designed carbohydrate ligands that were complexed and
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bonded to polynuclear iron cores to produce iron-carbohydrate nano-
particles (Funk and Barton, 2021). These products were then able to
furnish their pharmacologic activity more safely and effectively when
delivered intravenously (Funk and Barton, 2021). After intravenous
administration, it is presumed that the iron-carbohydrate complex is
taken up by circulating macrophages and delivered to the mononuclear
phagocytic system where the complexes are biodegraded via mecha-
nisms that have not yet been elucidated (Funk et al., 2022). However, it
has been shown that each iron-carbohydrate product demonstrates its
own unique iron biodistribution profile in animal models (Funk et al.,
2022). In human subjects, the pharmacokinetic profile for total serum
iron and pharmacodynamic profile for serum ferritin has also been
shown to be distinct between products with different carbohydrate li-
gands and surface characteristics (Garbowski et al., 2020). There have
also been publications of small case series demonstrating difference in
clinical performance when an originator iron-carbohydrate complex
(iron sucrose) was switched with a follow-on and vice versa, despite
products having comparable specifications described in regulatory
guidance (Aguera et al., 2015; Rottembourg et al., 2011; US_FDA
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Table 1

Recommended Factors for Assessment of Nanomaterial from US Food and Drug
Administration’s (FDA) guidance for drug products, including biological prod-
ucts, that contain nanomaterials.

1 Adequacy of characterization of the material structure and its function.
2 Complexity of the material structure.
3 Understanding of the mechanism by which the physicochemical properties of

the material impact its biological effects (e.g., effect of particle size on
pharmacokinetic parameters).

4 Understanding the in vivo release mechanism based on the material’s
physicochemical properties.

5 Predictability of in vivo release based upon established in vitro release
methods.

6 Physical and chemical stability.

7 Maturity of the nanotechnology (including manufacturing and analytical
methods).

8 Potential impact of manufacturing changes, including in-process controls and

the robustness of the control strategy on critical quality attributes (CQAs) of the
drug product.

9 Physical state of the material upon administration.

10  Route of administration.

11 Dissolution, BA, distribution, biodegradation, accumulation and their
predictability based on physicochemical parameters and animal studies.

September 2021).

While the development of iron-carbohydrate products advanced
treatment of iron deficiency and iron deficiency anemia, regulatory
evaluation of these nanomedicines remains challenging due to their
relatively small particle size and overall complexity (Nikravesh et al.,
2020). The production of iron-carbohydrate complexes is highly sensi-
tive to manufacturing process conditions such as pH, temperature, and
reagents used as well as production scales, presenting challenges to
reproducible manufacturing of the final drug product (Nikravesh et al.,
2020; US_FDA 2022). Importantly, the critical quality attributes (CQAs)
for iron-carbohydrate nanomedicines have not been formally estab-
lished, particularly with regard to the surface structures which are
heterogeneous between the approved products. Thus, at present, phys-
icochemical characterization alone cannot fully reduce residual uncer-
tainty when assessing sameness between an innovator and follow-on
product. The US Food and Drug Administration’s (FDA) guidance for
drug products containing nanomaterials provides eleven factors that are
crucial to making a risk-based evaluation of these drug products
(Table 1) (US_FDA 2022). The agency has recognized the fundamental
role of physicochemical characterization in points 1 and 2 (Table 1) as
well as the necessity to fully understand the CQAs in order to understand
the linkage of these characteristics to in vivo disposition as identified in
points 3, 4, 5 and 11 (US_FDA 2022; Marden et al., 2018). Acknowl-
edging the complexity of the iron carbohydrates and the criticality of
any manufacturing changes, the European Medicines Agency published
areflection paper in 2015 that supports the potential utility of additional
testing for comparability of iron-carbohydrate complexes including use
of orthogonal analytic techniques (European_Medicines Agency 2015).
This reflection paper also refers to the requirements outlined in the In-
ternational Council for Harmonisation’s guidance
(CPMP/ICH/5721/03) on biotechnological/biological products that are
subject to changes based on their manufacturing process (Agency,
2005). Both the FDA and EMA’s guidance documents are not formally
binding, however, they do give valuable insight to the challenges the
scientific community has raised in regard to evaluating
iron-carbohydrate nanomedicines

Despite being used in clinical practice for decades, the in vivo bio-
disposition profiles and mechanisms of biodegradation of the iron car-
bohydrate in the mononuclear phagocytic system (MPS) are not
established (Funk et al., 2022). The FDA and the scientific community
recommend orthogonal methods to characterize components of complex
drug products (US_ FDA 2022; Simon et al., 2023). There are many
analytical methods that can be utilized to evaluate the physical structure
of the whole, intact iron-carbohydrate nanoparticle and the polynuclear

European Journal of Pharmaceutical Sciences 188 (2023) 106521

iron core. There are also some established methods to evaluate the
carbohydrate ligand, however, this is an area where more intensive
research is needed due to the obvious biological (e.g., immune system,
serum proteins) interactions with the carbohydrate ligand (Dobro-
volskaia, 2022; Monopoli et al., 2011). This underscores the need to
further develop physicochemical characterization methods that can
further elucidate important structural features of these nanomedicines
that will be predictive of in vivo performance (Mahmoudi, 2021).

There are emerging techniques that augment an orthogonal
approach to characterization methods that can then be used collectively
to deepen the understanding of the iron-carbohydrate nanoparticle
characteristics that ultimately influence the nano-bio interface. Only
when a fully validated complement of characterization methods is
established, can studies of more biorelevant test methods (e.g., in vitro
release testing, in vitro to in vivo correlation and physiologically based
pharmacokinetic models) be explored for regulatory evaluation of this
complex class of drugs. This review will contextualize various analytical
methods, both long- established and those with newer applications, to
evaluate the physical structure of the intact iron-carbohydrate complex,
the iron core and the carbohydrate ligand in the framework of
comparative evaluation of drug products.

2. Challenges with physicochemical evaluation of iron-
carbohydrate nanoparticles

Iron-carbohydrate nanoparticle products are complex drugs (Wu
et al., 2017). This class of drugs has also been referred to as
non-biological complex drugs or NBCDs as they share complex features
of their physical attributes with biological drug products including
heterogeneous structures and product stability challenges (Fluhmann
etal., 2019). Importantly, the commercially available iron-carbohydrate
drug products are comprised of colloidal solutions of the
iron-carbohydrate nanoparticles that are quite concentrated and exhibit
a demonstrative black/brown color that can interfere with assay tech-
niques that involve spectrophotometric readout (Funk et al., 2022;
Garbowski et al., 2020; Pai, 2015). Dilution of these products beyond
approved prescribing information label requirements also compromises
the stability of these colloidal solutions (Lee et al., 2013; Di Francesco
et al., 2019). The particle sizes of the available iron-carbohydrate
products are also quite small compared to other approved nano-
medicines and range from approximately 8 to 24 nm (Funk and Barton,
2021). Notably, their physicochemical properties are also likely affected
through interaction with the complex biomolecular environment
including plasma protein adsorption, however, these interactions have
not been well characterized to date (Funk and Barton, 2021; Monopoli
et al., 2011).

Despite this review focusing on contextualization of various analyt-
ical methods that can be used together to best characterize the physical
structure of the intact iron-carbohydrate complex, the iron core and the
carbohydrate ligand, it is central to also point out the importance of the
full chemical characterization of the carbohydrates and the impurities
such as low molecular weight iron and free iron species, labile iron, iron
11, elemental impurities and other drug substance (DS) and drug product
(DP) manufacturing process related substances and potential degrada-
tion products.

3. Analysis of the whole, intact iron-carbohydrate nanoparticle

Dynamic Light Scattering (DLS) is the most common method for the
determination of the particle size of nanoparticles, and it is a method
recommended by the regulators for the size characterization of iron-
carbohydrate nanoparticles (US_FDA September 2021; US_ FDA 2022;
European_Medicines Agency 2015). The size information is given by the
hydrodynamic diameter (or radius) and particle size distribution (PSD).
DLS measures fluctuations in scattered light intensity caused by the
Brownian motion of nanoparticles and calculates the particle
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hydrodynamic diameter via the correlation function and the Sto-
kes-Einstein equation (Lim et al., 2013; Gioria et al., 2018; Caputo et al.,
2019; Varenne et al., 2016; Mehn et al., 2017; Anderson et al., 2013).

In comparison to other techniques (e.g., transmission electron mi-
croscopy, atomic force microscopy) used to measure the particle size of
the whole iron-carbohydrate nanoparticles, the DLS method is the most
straightforward technique in terms of sample preparation, analysis time
and costs. It can be easily incorporated into the in-process control of the
manufacturing process, quality control (QC) and to check the colloidal
stability of the nanoparticle formulations that might undergo significant
aggregation or degradation during storage. However, the results can be
affected by the experimental conditions and the method has some lim-
itations for the analysis of polydisperse samples. Iron-carbohydrate
nanoparticle samples normally require dilution to minimize absor-
bance of laser light and multiple scattering events. This means that the
sample has to be diluted before analysis, which reduces the scattering
signal and thus, without proper method validation the dilution can in-
crease the possibility of error of the measurements. DLS has also only
been validated for the intact iron-carbohydrate complex (Di Francesco
and Borchard, 2018). In order to measure the hydrodynamic diameter of
the polynuclear iron core alone with DLS, pH-controlled dialysis must be
used to remove most of the carbohydrate ligand. However, this may
induce agglomeration of iron cores, which would give particle sizes that
do not represent the drug product administered to patients.

Other techniques such as Size Exclusion Chromatography (SEC) (Sii3
et al., 2018; Zou et al., 2017; Held and Kilz, 2021). Asymmetric Flow
Field Flow Fractionation (AF4) (Wagner et al., 2014; Yohannes et al.,
2011). Particle Tracking Analysis (NTA) (Maguire et al, 2018).
Analytical Ultracentrifugation (AUC) (Caputo et al., 2019; Schuck et al.,
2015; Walter et al., 2014) or Tunable Resistive Pulse Sensing (TRPS)
(Weatherall and Willmott, 2015) can also be used for the characteriza-
tion of the size and particle size distribution of nanoparticles in general.
Nevertheless, these techniques have also their limitations, and this
might need to be taken in consideration when choosing these methods
for the characterization of iron-carbohydrate nanoparticles.

Fundamentally, DLS as well as the other techniques can determine
size parameters and colloidal stability only of the whole iron-
carbohydrate nanoparticle but are not able to discriminate between
structural features of the carbohydrate ligand and the iron core (Jahn
et al., 2011).

4. Polynuclear iron core

For characterization of the iron core size, cryogenic transmission
electron microscopy (Cryo-TEM) and atomic force microscopy (AFM)
can be used. The TEM principle is based on the transmission of an
electron beam through a sample, so the transmitted electrons that
interact with this sample can be used to form an image (Titus et al.,
2019). In the case of iron-carbohydrate nanoparticles, the electrons
coming from the electron beam are absorbed, transmitted or scattered
by the iron cores, which have a higher electron density when compared
to the carbohydrate ligands. So, the contrast image in bright-field mode
appears dark for the core and bright for the carbohydrate ligands
forming the image of the cores (Wu et al., 2016). The instrument uses an
objective lens for focusing and magnification of the images (Titus et al.,
2019). The TEM technique, especially high-resolution instruments, al-
lows imaging at an atomic level and determination of the crystallo-
graphic structure of nanoparticles (Titus et al, 2019). For
iron-carbohydrate nanoparticles, Cryo-TEM is demonstrated to be a
more appropriat technique when compared with room temperature
TEM. In Cryo-TEM, samples are prepared in liquid nitrogen avoiding
sample dehydration and consequently introduction of artifacts such as
aggregation, and thus more accurate images of the iron cores are
generated (Wu et al., 2016). However, caveats of TEM are laborious
sample preparation, selection bias caused by choosing from a large
number of images as well as the system not being measured in solution
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conditions. The ability to perform in-situ studies to simulate in vivo
environments is hence rather limited. Additionally, structural features of
the carbohydrate ligand cannot be determined due to a lack of contrast
when using common staining protocols. Other methods like AFM can
give insights on the size of iron formulations in all three dimensions both
in solution and in a powder state. In AFM, the sample is measured by
using a small cantilever with a sharp tip to scan its surface. The contact
of the tip and the sample’s surface causes small deflections in the
cantilever and consequently a slight change in the direction of a laser
beam, which is reflected into a photosensitive photodiode detector. The
image of the sample’s surface topography is created by scanning the area
of interest. So, the deflection of the cantilever, which is influenced by the
features on the sample surface, is monitored by the photodiode detector,
thus creating a three-dimensional visualization of the sample (Titus
et al., 2019). Although it has been shown that vertical height and lateral
diameter of iron-carbohydrate nanoparticles can be measured, results
were highly dependent on sample concentration, scan mode and shape
of the probe (Kudasheva et al., 2004). Hence, it was concluded that AFM
may not be a reliable technique for determining the size of
iron-carbohydrate nanoparticles.

Another method which enables the estimation of iron core size is X-
ray diffraction (XRD). XRD can be used for the characterization of crystal
structure and crystallite size of iron colloids. The technique is based on
the principle of Bragg’s equation (2d sinf = n4). Bragg diffraction occurs
when X-rays of the wavelength 1 are scattered in a specular fashion by
the atoms of a crystalline system, and undergo constructive interference.
For a crystalline solid, the waves are scattered from lattice planes
separated by the distance d between layers of atoms. Constructive
interference of waves occurs only at definite angles 0, measured from the
surface normal; n is the diffraction order (1st, 2nd, 3rd,...). The effect of
constructive or destructive interference intensifies based of the cumu-
lative effect of reflection in successive crystallographic (diffraction)
planes of the crystalline lattice. By measuring the broadness of the
observed diffraction peaks from crystalline samples in powders or sus-
pensions, the mean coherence length can be determined, which in the
case of iron-carbohydrate nanoparticles, matches the size of iron core. In
this regard, the size of nano-crystallites can be derived using the
Scherrer (Monshi, 2012) or the Williamson-Hall approach (Suryanar-
ayana and Grant Norton, 1998). One major disadvantage of XRD when
handling iron-carbohydrate nanoparticles is a high contribution of
amorphous background to the diffraction pattern which is also caused
by the carbohydrate ligand. However, this amorphous part of the sample
can, at least partly, be removed by pH-adjusted dialysis (Kudasheva
et al., 2004).

5. Carbohydrate ligand

Zeta potential is the most common parameter used to describe the
surface charge of colloidal nanoparticles. The principle of zeta potential
measurements is similar to gel electrophoresis, where an electric field is
applied to a sample and the charged particles start to move because of
their interaction with the electric field. When nanoparticles are exposed
to an electric field, the oppositely charged counterions present in the
sample form an inner layer around the particles’ so-called Stern layer,
then around this layer a second layer is formed consisting of both
opposite and same charged ions. This diffuse layer is formed because of
the electrostatic field of the charged particles, and it is very dynamic and
can be affected by concentration, pH and ionic strength of the dispersion
medium. The two layers are called the electric double layer (EDL). The
zeta potential is defined by the electric potential difference between the
EDL attached to the dispersed particles and the dispersion medium (Zou
et al., 2017; Titus et al., 2019; Bhattacharjee, 2016; Carvalho et al.,
2018). Similar to DLS, zeta potential is a straightforward technique in
terms of sample preparation, analysis time and cost. The measurement
of the charge of the particles is very important because of its correlation
to the interaction with proteins in biological medium and cell uptake
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Fig. 1. Comparison of two iron-saccharate samples by °’Fe Mossbauer spectroscopy

Examples of Mossbauer spectra collected at different temperatures (a, b, d, e) and the resulting areas (c, f) for two iron-carbohydrate samples. In a, b, d, e, the black
markers denote the data, the black line denotes the total fit, the orange line denotes the doublets and collapsed sextets, and the red line denotes the sextets. The
doublets and collapsed features are considered together as they represent the fraction of the sample that is unordered or partially magnetically ordered, while the
sextets represent the fraction of the sample that is fully ordered. In c and f, the relative areas of the doublets and collapsed sextet and the sextets are shown as square
markers, based on fits to spectra collected at 25 K, 45 K, 60 K, 75 K, and 100 K (of which a subset is shown in a, b, d, e). The solid lines denote linear regressions of the
relative areas of the doublets + collapsed sextets phase and the sextets phase. The intersection of the two lines, i.e., temperature at which the relative abundances of
the two phases are equal, is the blocking temperature, indicated by the dashed gray line.

mechanisms. The drawback is the fact that iron-carbohydrate nano-
particles can be very sensitive to measurement conditions and sample
preparation. The results can be affected by diluent properties (e.g., pH,
ionic strength and concentration) and size dispersity of the particles.
Therefore, the validation of the analytical methods is very important,
and especially for comparative studies, the samples need to be measured
under the same conditions. Because zeta potential does not give any
information about the possible interactions of carbohydrate ligands and
iron cores and neither the ratios of bound/unbound ligand, additional
techniques such as Nuclear Magnetic Resonance (NMR), Size-exclusion
chromatography (SEC), Thermal Gravimetric Analysis (TGA), Differen-
tial scanning calorimetry (DSC) and Fourier Transform Infrared Spec-
troscopy (FTIR) are necessary to complement the characterization of the
carbohydrate ligand.

6. Improving biorelevance using orthogonal methods
6.1. Mossbauer spectroscopy

Mossbauer spectroscopy is a powerful analytical tool to characterize
the speciation of the iron core (Enver Murad, 2004). This spectroscopic
technique utilizes the Mossbauer effect, according to which certain
nuclides undergo recoil-free, resonant absorption and emission of en-
ergy, specifically gamma rays (Mossbauer, 1958). This effect can be
prominently observed in °”Fe nuclei, making Mossbauer spectroscopy an
useful technique to probe the nuclear environment of iron nuclei.

Based on °’Fe Méssbauer spectroscopy, the binding environment of
iron, specifically the (i) oxidation state, and (ii) mineralogy can be
determined. A typical Mossbauer spectrum consists of peaks grouped
together as two, referred to as a doublet, or six, named a sextet. The
parameters of these doublets and sextets indicate the iron species and
their relative areas correspond to their abundance. For example, the
Mossbauer spectrum of some clay minerals such as chlorite contains two
doublets with distinct parameters that correspond to Fe(II) and Fe(IIl) in
the phyllosilicate structure (Coey, 1984). Based on the relative areas of

the two doublets in the spectrum, the relative proportion of Fe(II) and Fe
(III) can be determined. Further, sextets in the Mossbauer spectrum
exhibit distinct parameters characteristic of different crystalline iron
minerals such as iron (oxyhydr)oxides, which can be used for quanti-
tative identification. Such quantitative identification has been illus-
trated in environmental samples such as soils and synthetic samples such
as ferric carboxymaltose particles. (e.g., Thompson et al., 2011; Neiser
et al., 2015).

The collection of spectra at several temperatures offers additional
insight into the crystallinity of the Fe species in a given sample. All iron
minerals exhibit magnetic behavior. The majority of iron minerals un-
dergo magnetic ordering at characteristic temperatures that are referred
to as the Curie temperature, which depends on mineral crystallinity.
Magnetic ordering of iron phases is apparent in the appearance of sextets
in Mossbauer spectra as the measurement temperature is lowered. A
classic example of this transition is the poorly crystalline iron(II) hy-
droxide mineral 2-line ferrihydrite (nominally Fe(OH)3) that exhibits a
paramagnetic doublet at temperatures above 77 K. As the temperature is
lowered, splitting of the doublet into a sextet can be observed. At 5K, the
spectrum exhibits a sextet instead of a doublet, indicating magnetic
ordering (Byrne and Kappler, 2022). The magnetic ordering of iron
minerals with a decrease in temperature has been used in the past to
quantify the abundance of poorly crystalline iron(III) (oxyhydr)oxides
relative to crystalline iron(III) (oxyhydr)oxides and to determine the
role of organic matter for iron mineral transformation (ThomasArrigo
et al., 2018; Thompson et al., 2006) and the effect of trace element
substitution on mineral crystallinity (Latta et al., 2012; Murad, 1984).

The analysis of Fe speciation described above is applicable to the
characterization of the iron core within nanoparticulate iron-
carbohydrate complexes. Based on doublets and/or sextets within the
spectrum of a particular iron carbohydrate sample, the oxidation state of
iron can be determined. By collecting spectra at a range of temperatures,
the relative areas of doublets and sextets can be quantified. The tem-
perature at which the relative areas of doublets and sextets are equal, i.
e., 50% of the sample is magnetically ordered, can then be calculated.
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Fig. 2. Difference in scattering length density (SLD) profiles between SAXS and SANS for an iron-carbohydrate complex. Figure adapted and modified from A Riibe

et al., 2005 (ThomasArrigo et al., 2018).

(a) Full dissolution of the complex in H,0 does not enable high contrast (difference between SLDgpep; and SLD;opvent) On the carbohydrate shell due to the substantially
higher contrast (difference between SLDre and SLDgpjvent) Of the iron core in both SAXS and SANS. This is schematically represented in (b) indicating the SLD of the
iron core, carbohydrate shell and solvent as different gray shades. (¢) Increasing the concentration of heavy water (D20) compared to H2O to 31% during a SANS
experiment enables the highest contrast on the iron core as the carbohydrate shell is matched with the solvent as schematically respresented in (d). (e) Increasing the
concentration of heavy water (D,0) further to 78% during a SANS experiment enables the highest contrast on the carbohydrate shell as the iron core is matched with

the solvent as schematically represented in (f).

This temperature, referred to as the blocking temperature, can be
compared between samples to compare their crystallinity. Samples of
higher crystallinity have higher blocking temperatures, i.e., they order
at higher temperatures (Fig. 1). In the measurement of two iron-
carbohydrate samples, the blocking temperature of Sample 1 is higher
(70.3 K) relative to that of Sample 2 (43.4 K), indicating that Sample 1 is
more crystalline than Sample 2 (Fig. 1c, f).

6.2. Small-angle x-ray scattering (SAXS) and small-angle neutron
scattering (SANS)

Small-angle x-ray scattering (SAXS) is a method that can determine
structural information such as size, size distribution, shape and surface
properties of nanoscale materials. Samples can be solid or liquid,
amorphous or crystalline, and their structure can be resolved in the
range of 1 to 100 nm (Schnablegger, 2013; Pauw, 2014). SAXS is a
non-destructive, label-free technique, which usually requires no special
sample preparation and can be applied to a plethora of nanoparticulate
systems including lipids and lipid nanoparticles (Parra-Ortiz et al., 2020;
Hassett et al., 2021; Aljuaid et al., 2021), polymers (Jouault et al., 2010;
Rantzsch V et al., 2019), microemulsions (Amirkhani et al., 2014;
Mahrhauser et al., 2015), metal nanoparticles (Doblas et al., 2019),
(coated) metal oxide nanoparticles (Doblas et al., 2019; Huang et al.,
2019; Appel et al., 2019; Griinewald et al., 2015) as well as biological
materials (Rasmussen et al., 2022; Lenton et al., 2021). It is based on the
elastic scattering of X-rays when travelling through a material, recording
their scattering at small angles. Since all nano-objects of a given sample
are illuminated over all orientations simultaneously, SAXS measure-
ments always provide an average representation of the nanoscale
structure, which makes the method resistant to selection bias. Contrast
in SAXS is highly dependent on the atomic number and volume of the
particles, which means that large objects are easier detected compared
to small objects. To achieve maximum contrast, the electron density of
the surrounding matrix should be as different as possible from the
electron density of the investigated nanomaterial.

Small-angle neutron scattering (SANS) is a technique that allows the
characterization of structures at the nanoscale ranging from 1 to 100
nm. Similar to SAXS, it can extract information about the average size,
size distribution, shape and spatial arrangement between specific
structural features of a nanomaterial (Hammouda, 2008). Its main

advantage compared to SAXS is its ability to vary the contrast of specific
structural features of a nanomaterial. As SANS uses neutrons instead of
X-rays, contrast does not depend on the atomic number but rather on the
isotope. This fundamental difference in the scattering process enables
the characterization of structures, which are difficult to investigate with
both SAXS and TEM. For instance, organic coatings on the surface of
nanoparticles can be analyzed efficiently with SANS (Diroll et al., 2015).
Contrast enhancement can be achieved by varying the scattering length
density of the solvent through control of the concentrations of light
water (H20) and heavy water (D20) (Fig. 2) (Riibe et al., 2005). High
concentrations of D,0 improve the contrast for organic materials like a
carbohydrate ligand (Fig. 2e, f), while high concentrations of H,O
improve the contrast on metal-based compounds like iron oxide (Fig. 2c,
d). Consequently, SANS is a powerful technique for the characterization
of core-shell structures such as iron-carbohydrate complexes. To
perform a SANS contrast variation experiment, a series of scattering
curves are measured, which are then analyzed independently. The
curve, where the scattering length density of the iron core is matched
with the scattering length density of the solvent, can be used to model
the carbohydrate ligand. Likewise, the curve, where the scattering
length density of the carbohydrate ligand is matched with the scattering
length density of the solvent, can be used to model the iron core. In
addition, the analysis and modeling of vastly different contrast profiles
obtained from SANS may be used as a further input or verification for
SAXS experiments of the same material, making it an optimal comple-
mentary technique (Sommer et al., 2005; Seelenmeyer et al., 2001).
However, SANS is only accessible at large-scale facilities and provides a
significantly lower flux compared to X-ray sources, which increases
substantially the measurement time. SAXS and SANS are powerful tools
to investigate the nanoscale structure of iron carbohydrate complexes.
Hereby, SAXS is well suited to study the iron core due to its high contrast
to the carbohydrate ligand and surrounding media, while SANS can
complement to resolve the much lower contrast of the carbohydrate
ligand. Both techniques can investigate iron carbohydrates in their
native environment, but also in any condition including biological en-
vironments such as complex cell culture media and protein solutions (Li
et al., 2016).
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Fig. 3. Schematic representation of a SAXS set-up coupled with a microfluidic mixing system to perform time-resolved studies of nanoparticles in biological en-

vironments. Figure adapted and modified from Iranpour Anaraki et al. (2022).

6.3. In-situ exposure to biological components

The dynamic character of an intravenous injection of iron carbohy-
drate nanoparticles into the human bloodstream requires the need for in-
situ studies. This is especially important as exposure of NPs to in vivo
environments can induce agglomeration, dissolution and sedimentation
due to changes in pH and ionic strength. Chemical alterations to the
material due to the generation of radical oxygen species (ROS) and
oxidative stress may also be possible (Pfeiffer et al., 2014). Exposure of
NPs to biomolecules may change surface properties of the coating such
as hydrophobicity, charge and roughness and could give the NP a
completely new bio-identity by formation of a protein corona (Wang
etal., 2011; Nel et al., 2009). Protein interactions may also affect the NP
core, which would influence its shape-dependent characteristics as well
as its size or distribution (Sanchez-Cano et al., 2021). Here, the use of
micro- or nanofluidic devices coupled with SAXS could be a promising
strategy as it would simulate in-vivo environments by resembling fluid
flow conditions as observed in the body (Fig. 3). Changes in the
agglomeration state, single NP size and shape, onset of sedimentation
and interaction of NPs with biomolecules could be observed in real-time
with different temperature or pH settings. This has been applied to
investigate thermal decomposition and temperature-dependent
agglomeration of oleic acid-coated iron oxide nanoparticles as well as
formation of iron oxide compounds (Appel et al., 2021; Rose et al., 2014;
Lassenberger et al., 2017). SAXS studies involving interaction of silica
and gold NP with human serum albumin have also been performed,
which enabled the determination of corona thickness and the number of
agglomerated proteins (Wang et al., 2011; Anaraki et al., 2020; N
Iranpour Anaraki et al., 2022; Spinozzi et al., 2017; N Iranpour Anaraki
et al., 2022). Here, SANS may be especially advantageous if the specific
interaction between the carbohydrate ligand and the protein of interest
has to be investigated separately from the iron core (Wang et al., 2011;
Anaraki et al., 2020; N Iranpour Anaraki et al., 2022; Spinozzi et al.,
2017). Since neutrons do not damage proteins, SANS is also a better
choice if radiation damage to sensible proteins needs to be avoided. If

the specific carbohydrate-protein interactions need to be studied in-situ,
a coupled SANS-microfluidic approach can be used (Adamo et al., 2017).
After injection of iron carbohydrates into the (human) body, the study of
the cellular uptake would be of importance. Accordingly, SAXS com-
bined with a microfluidic setup could be used to monitor the nano-
particle uptake, as shown in dynamic studies of interactions between
cubic liposomes and cells (Lam et al., 2020).

Some nanoparticulate systems like iron-carbohydrate complexes
agglomerate when they are diluted. This can generate additional scat-
tering contributions induced by formation of large structures and/or
interactions between individual NPs, making analysis and proper
modeling of SAXS data challenging. To solve this, one can measure the
sample at different dilutions to pinpoint the onset of concentration-
dependent agglomeration or inter-particle interactions, assuming that
the structure of the individual NPs does not change upon dilution
(Larsen and Pedersen, 2020). By dividing the SAXS data at the highest
concentration through the SAXS data, where no agglomeration and
inter-particle interactions are observed (non-interacting case), the
structure of the agglomerates or the nature of the inter-particle in-
teractions (e.g. electrostatic and excluded volume) can be determined.
This analysis must be done with care as scattering contribution from
agglomerates and inter-particle interactions are often intermingled.
Using similar dilution factors when SAXS, XRD, DLS and cryo-TEM data
are compared, is therefore highly important.

7. Discussion

Given the inherent complexity of iron-carbohydrate nanomedicines,
it is clear that no single analytic testing approach can provide accurate
information regarding the physical structure of these complex drug
products. Several characterization technologies, including DLS and zeta
potential, have advanced our understanding of the physicochemical
characteristics of these nanoparticle drug products (Di Francesco and
Borchard, 2018). However, there is currently an urgent unmet need to
expand the constellation of analytical tests for iron-carbohydrate
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nanoparticle products to evaluate this complex class of drugs (Brandis
et al., 2021).

The entire iron-carbohydrate complex is necessary to function in the
intended therapeutic manner (Funk and Barton, 2021; Wu et al., 2017;
US FDA, 2022). Intravenous administration of polynuclear iron alone is
associated with dose-limiting serious adverse events related to rapid
increases in free iron (Goetsch and Moore, 1946). Thus, the polynuclear
iron must be bound to the carbohydrate ligand such that the entire
complex is safer, shuttled by macrophages that phagocytize the nano-
particles and transport them for safe storage in the MPS until the iron is
mobilized for transport to the site of action (Funk and Barton, 2021).
Analyses that are performed on the intact particle should not be repli-
cated when iron is separated from the carbohydrate ligand. The entire
iron-carbohydrate complex interfaces with the biological milieu, thus
performing tests on iron extracted from the nanoparticle has no rele-
vance to in vivo disposition. Moreover, performing certain analytical
characterization on the iron core for example may be impossible due to
stability challenges.

DLS has become the gold standard for particle size evaluation for
regulatory agencies (Caputo et al., 2019). DLS can be used for the pur-
pose of quickly measuring a high amount of samples. However, DLS
measurements can be very sensitive to some parameters that need to be
taken into consideration to ensure reproducible and comparable data.
These parameters are described as number of replicate measurements,
concentration of the nanoparticles, composition of the diluent, refrac-
tive index values of the nanoparticles and diluent, viscosity of the
diluent, temperature of the measurement, type of cuvette, instrument
model, scattering angle(s) and laser wavelength (Hackley, 2015). It is
also important to pay attention to the type of algorithms used to
calculate the size (Zou et al., 2017). According to (FDA) guidance for
drug products containing nanomaterials, the size should be presented as
average particle size (Z-average) and particle size distribution by the
polydispersity index (PDI) and/or description of d10, d50, d90 (US_FDA
2022). It should be noted that performing DLS analysis on the poly-
nuclear iron core alone would be expected to yield the hydrodynamic
diameter of agglomerated iron cores rather than of a single iron core as
removal of the stabilizing carbohydrate ligand will likely induce a fast
collapse of the colloidal structure (Zou et al., 2017).

DLS fits very well as a routine analysis method for the detection of
major issues with sample integrity and colloidal stability of iron-
carbohydrate nanoparticles (Caputo et al., 2019). However, it might
not be sensitive enough to accurately control the batch-to-batch vari-
ability. In addition, DLS alone is not able to distinguish larger particles
from small aggregates or discriminate between different size
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populations of nanoparticles, or to evaluate the influence of biological
environments on the average particle size and polydispersity. Therefore,
complementary methods such as SEC, AF4, AF4 NP-sorting coupled with
online sizing DLS and/or multi-angle light scattering (MALS), NTA,
AUC, TRPS or other orthogonal sizing techniques, including SAXS, SANS
or cryo-TEM can be used in combination with DLS to detect such small
variations that may compromise their quality and can affect their
pharmacological activity and metabolic fate.

The particle size and size distribution can be measured by TEM as
well. Nonetheless, it is important to choose a statistically relevant
number of particles in a TEM image and number of images to be able to
perform comparative analyses (Zou et al., 2017). However, TEM only
provides the physical characteristics of the core (e.g. size, size distri-
bution and morphology), as the carbohydrate ligand cannot be deter-
mined due to a lack of contrast when using common staining protocols.
On the other hand, DLS gives only particle size and size distribution
information of the whole intact particles. So, both analyses can be
complementary to each other. It is central to reinforce the importance of
sample preparation, for example, cryo-TEM can preserve the native state
and morphology of iron carbohydrate nanoparticles when compared to
room-temperature TEM analysis because it avoids introduction of arti-
facts such as aggregation (Wu et al., 2016).

XRD also provides relevant information about size, morphology, and
crystallinity of iron carbohydrate nanoparticles. However, the XRD
technique alone is not conclusive enough in some cases due to poor
crystallinity and even amorphous character of some iron-carbohydrate
complexes (Zou et al.,, 2017). As XRD relates to the mean coherence
lengths in a system (see above), a NP can be much larger than a crys-
tallite. One NP may contain either a single crystallite or multiple crys-
tallites. Also the fact that the surface of a particle can be amorphous
contributes to the size difference determined by XRD (crystallite size)
and other methods such as SAXS (NP size). Therefore, the use of addi-
tional techniques can complement the information on size, morphology,
and crystallinity characterization of iron carbohydrates nanoparticles.

Mossbauer spectroscopy has the potential to overcome some of the
limitations of XRD by providing information about iron speciation even
when the iron phase is poorly crystalline. While using Mossbauer
spectroscopy, it is important to consider limitations on (i) spectral
quality and (ii) interpretation of spectral features. The signal-to-noise
ratio of a spectrum depends on the absorption and emission of energy
by 5’Fe nuclei; therefore, the quantity of >Fe present should be suffi-
cient for a strong signal. At the natural abundance of 57Fe (2.1%), this
requires several milligrams of Fe. Further, if the sample contains high
concentrations of carbon, in this case carbohydrates, a larger sample

Table 2
Orthogonal methods that when used collectively assist in determining the physical structure of iron-carbohydrate nanoparticles.

Analytical Iron-carbohydrate Iron-carbohydrate Iron core particle size Iron core Carbohydrate ligand
Technique particle size particle morphology morphology/

crystallinity
DLS X (Di Francesco and

Borchard, 2018)

Cryo-TEM X (Wu et al., 2016) X X X
XRD X (Zou et al., 2017)
AFM X (Neiser et al., 2015) X
XANES X (Neiser et al., 2015)
Size Exclusion X (Jahn et al., 2011)
Mossbauer X (Enver Murad, 2004) X

(crystallinity) (Neiser

et al., 2015)
SAXS X (Appel et al., 2021; Rose et al., 2014;

Lassenberger et al., 2017; Bonini et al.,
2007)
SANS X (Fu et al., 2016) X (Hore et al., 2013) X
(thickness)

Zeta Potential

(Diroll et al., 2015;
Hore et al., 2013)
X (Jahn et al., 2011)
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Table 3

Regulatory recommendations from FDA (US_FDA 2022) and EMA (European_-
Medicines_Agency 2015) concerning quality aspects that need to be taken in
consideration for the characterization of iron-carbohydrate nanoparticles and
nanomedicines in general. The agencies have recognized the fundamental role of

the 3-dimensional structure analysis in points 2, 3, 4, 6, 7 and 8.

Quality recommendations

Item  US Food and Drug European Medicines Agency
Administration’s (FDA) (EMA)

1 Chemical composition, Particle Quality standard for carbohydrates
concentration, Porosity (if it relates used in the manufacture of the
to a function, e.g., capacity to load a active substance and finished
drug) product (description, source and

characterization, manufacture,
assay, impurity profile, and stability
characteristics),

2 Average particle size, Structural Size of the iron core
attributes that relate to function (e.

g., lamellarity, core-shell structure)

3 Particle size distribution (PSD) Particle size, size distribution,
(description of d10, d50, d90 or charge, and surface properties of
polydispersity; modality) (US_FDA the iron-carbohydrate complexes
September 2021)

4 Stability, both physical (e.g., Spectroscopic properties (e.g.
aggregation and agglomeration or 1H—NMR, 13C—NMR, IR, UV-VIS,
separation) and chemical MS, XRD), Stability on storage of

the product

5 Assay of drug substance Identification and control of key

intermediates in the manufacturing
process

6 General shape and morphology Structure and composition of
(aspect ratio), Surface properties (e. carbohydrate matrix, Morphology
g., surface area, surface charge, e.g. microscopic evaluation of the
chemical reactivity, ligands, surface
hydrophobicity, and roughness)

7 Coating properties, including how Ratio of bound carbohydrate to iron
coatings are bound to the
nanomaterial

8 Crystal form Polymorphic form of the iron

comprising the core

9 Impurities, Distribution of any drug Amount of labile iron released from
substance associated with the the product when administered,
nanomaterial and free in solution (e. ~ Impurities e.g. ratio of divalent and
g., surface bound or liposome trivalent iron
encapsulated versus free drug
substance)

10 Biodegradability of the Degradation path for the iron-
nanomaterials and their carbohydrate complex, where
constituents, In vitro release justified, a reliable and

discriminating method for
determining degradation kinetics
should be developed (degradation
in acid has previously been
performed for some products).

11 Compatibility of the nanomaterial In-use stability (including after re-

relevant to in-use conditions

constitution with recommended

diluents for administration) with
consideration to instructions for
administration in the SmPC e.g.

concentration

mass may be required in order to overcome dampening of the signal due
to organic carbon. In addition, the effects of crystallinity, particle size,
and particle interactions need to be considered during the interpretation
of doublets and sextets in sample spectra. Both crystallinity and particle
size are related to the blocking temperature of a sample (Enver Murad,
2004); as a result, a low blocking temperature may reflect a low crys-
tallinity phase or a small particle size. Therefore, complementary
methods such as TEM and/or SAXS should be used in order to differ-
entiate between the effect of crystallinity and particle size while
comparing different iron carbohydrate nanoparticles. One drawback
when using SAXS to describe the iron-carbohydrate complexes is the
relative ambiguity of the collected data due to their high polydispersity.
This means that multiple models are equally valid to characterize the
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same system. To get a more precise and physically meaningful model it
is therefore to utmost importance to use additional techniques such as
cryo-TEM, XRD and DLS to collect prior structural information (Pauw,
2014). For example, DLS and cryo-TEM data can be acquired as an input
for polydispersity and shape of the particles, respectively, in order to
obtain a precise solution for the size and arrangement of both single
nanoparticles and their agglomerates. As an alternative approach, size
and polydispersity can be estimated using XRD and cryo-TEM, respec-
tively, to get a definite solution for the shape of the particles. One has to
be cautious when comparing size parameters between SAXS and
cryo-TEM as the equivalent diameter used in TEM assumes spherical
objects and hence does not fully align with the average of the particle
size determined via SAXS. The hydrodynamic diameter extracted from
DLS is also often significantly higher compared to SAXS since size pa-
rameters do not take into account hydration of the nanoparticle
(Pabisch et al., 2012; Vestergaard et al., 2005; Bron et al., 2008). X-ray
fluorescence, due to absorption of X-rays by the iron atoms within iron
carbohydrates, can lead to a high background signal, making proper
interpretation of the SAXS data more difficult. Limiting the X-ray radi-
ation to a narrow distribution of wavelengths by using monochromators
(e.g. in synchrotron sources) can eliminate this issue. (Mos et al., 2018)
Taken collectively, to achieve reliable information on size, shape and
other structural parameters of iron carbohydrate nanoparticles, the
benefits of different techniques have to be harnessed. While TEM pro-
vides real space images containing size and shape information, SAXS
delivers data with high statistical relevance in solution conditions.

Conclusion

Intravenous iron-carbohydrate nanomedicines are widely used
across very broad and heterogenous patient populations (Auerbach and
Ballard, 2010). More data are needed to evaluate the iron-carbohydrate
complex’s behavior in situ to better understand their physical structure
at the nano-bio interface (Mahmoudi, 2021). The nanomedicine domain
has made great strides in developing and validating new physicochem-
ical characterization methods (e.g. DLS), however, these methods have
limitations in providing relevant data to inform the three dimensional
physical structure of iron-carbohydrate nanomedicines. Complementary
use of orthogonal methods (e.g. Mossbauer spectroscopy, SAXS/SANS)
offer greater insight into structural differences between the
iron-carbohydrate nanomedicines. Therefore, when physicochemical
characterization is applied, the determination of similarity in compa-
rability assessments for bioequivalence evaluation, should include a
validated collection of complementary orthogonal approaches.
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