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Abstract

Iron deficiency is an important subclinical disease affecting over one billion people worldwide. A growing body of clinical records
supports the use of intravenous iron-carbohydrate complexes for patients where iron replenishment is necessary and oral iron supplements
are either ineffective or cannot be tolerated by the gastrointestinal tract. A critical characteristic of iron-carbohydrate drugs is the complexity
of their core-shell structure, which has led to differences in the efficacy and safety of various iron formulations. This review describes
parameters influencing the safety and effectiveness of iron-carbohydrate complexes during production, storage, handling, and clinical
application. We summarized the physicochemical and biological assessments of commercially available iron carbohydrate nanomedicines to
provide an overview of publicly available data. Further, we reviewed studies that described how subtle differences in the manufacturing
process of iron-carbohydrate complexes can impact on the physicochemical, biological, and clinical outcomes of original product versus their
intended copies or so-called iron "similar" products.

Key words: Iron-carbohydrate complex; Physicochemical characterization; Iron deficiency; Nanomedicine; Colloidal nanoparticles; Critical quality attribute
From colloidal suspensions to nanoparticles: a brief
introduction

Nanoparticles (NPs) are revolutionizing nanomedicine by
providing diverse therapeutic and diagnostic tools, including
biological sensing, drug delivery, imaging, cell separation, and
tissue repair.1–3 Nano-sized particles provide a combination of
unique properties and mobility, which allows particles to interact
with different cells types.4,5 Among various nanomedicines, iron
oxide and oxyhydroxide NPs have gained extensive attention
over the past years owing to their distinctive physicochemical
properties. More than 50 years prior to the appearance of the term
nanomedicines in the 1990s, colloidal NPs had already been
employed for drug delivery purposes.6 One example is iron
oxyhydroxide particles, also known as iron-carbohydrate
complexes, which were developed before they were even
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recognized as a class of nanomedicine to help treat iron
deficiency.7 Accordingly, in 1949, the first nano-sized colloidal
particle-based product was introduced (iron sucrose; Venofer®,
Switzerland) to be administered as a replacement medication for
oral iron supplements for the treatment of iron deficiency.8

As specified by the World Health Organization (WHO), iron
deficiency anemia is recognized as one of the most prevalent
nutrient deficiencies affecting 1.6 billion people globally.9–11

Iron deficiency has various causes, and severe cases can occur
due to blood loss, poor nutrition, Chronic Kidney Disease
(CKD), and Inflammatory Bowel Disease (IBD). Patients
undergoing gastric bypass surgery and chemotherapy are also
at risk of developing iron deficiency.12–15 In contrast to other
nutrient deficiencies, the occurrence of iron deficiency is
common in both developed and developing countries.16,17 Iron
is one of the most abundant metallic elements in the human body,
empa.ch (P. Wick).
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Figure 1. Schematic representation of iron-carbohydrate complexes.
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and the total amount of normal body iron content is between 200
and 300 mg in adult females and around 600-1000 mg in adult
males.9,18 Notably, iron is an essential component of many cells
since iron-containing enzymes are crucial for various metabolic
processes, mainly including synthesis of Hemoglobin (Hb) for
oxygen transport, cellular respiration by redox enzymes, and
cellular proliferation.1,15 Consequently, iron deficiency can lead
to severe and harmful effects on both cells and tissues.14,19–20

Conventional oral iron supplements in the form of ferrous
iron might not be considered as an ideal therapeutic approach for
the correction of iron deficiency16,21 as they may cause
gastrointestinal intolerance, prolonged iron store repletion time,
and impaired absorption of iron.9,14 Conversely, intravenous
iron-carbohydrate complexes provide an alternative approach
that can lead to higher Hb levels as well as faster replenishment
of the body iron stores. This is particularly important for patients
with absolute iron deficiency who require a rapid iron
replacement.22,23 In this regard, an increasing number of
intravenous iron complexes have been developed and considered
for the treatment of iron deficiency over the past decade.11,22

However, until now, there is no precise information on the
uptake mechanism of iron-carbohydrate complexes. In general,
following intravenous administration of these complexes, they
enter the bloodstream and mix with plasma, which triggers their
uptake into the reticuloendothelial system (RES).8,24 The
removal of the complexes from the circulating plasma takes
place by resident phagocytes of the liver, spleen and bone
marrow. At this stage, the carbohydrate shell starts to be
degraded, which facilitates dissociation from the iron core. The
released iron is either incorporated by ferritin into intercellular
iron stores, or is released from the cell to be taken up by
extracellular iron-binding proteins, such as transferrin.9,25–26

Currently available intravenous iron-carbohydrate complexes
are: low molecular weight iron dextran (InFeD®, Allergan Sales,
LLC), sodium ferric gluconate (Ferrlecit®, Sanofi-Aventis
Canada Inc.), iron sucrose (Venofer®, Vifor Pharma Ltd), ferric
carboxymaltose (Ferinject®, Vifor Pharma Ltd), ferumoxytol
[polyglucose sorbitol carboxymethyl ether] (FeraHeme®,
AMAG Pharmaceuticals Inc.), iron isomaltoside (Monofer®,
Pharmacosmos Ltd), and iron polymaltose (Maltofer®, Vifor
Pharma Ltd). 9,11,22 Structurally, all intravenous iron-
carbohydrate complexes are NPs consisting of spheroidal
polynuclear Fe (III)-oxyhydroxide/oxide cores shielded by
carbohydrate shells with an overall diameter between 8 and 30
nm (Figure 1).21,25,27 The carbohydrate shell surrounding the
iron plays crucial roles in stabilizing the iron core, slowing down
the release of bioactive iron, protecting the particles from further
aggregation, as well as sustaining the particles in a colloidal
suspension.10,23 Since the advent of intravenous iron complexes,
various types of carbohydrates have been selected for these
nanomedicines, including dextran, gluconate, sucrose, carbox-
ymaltose, isomalto-oligosaccharide, and polyglucose sorbitol
carboxymethyl ether.11,22

Despite structural similarities, iron complexes differ in their
physicochemical properties, including particle size, surface
charge (measured as zeta potential), chemical nature of the
carbohydrate shell, total iron content (Fe(II) + Fe(III)), and labile
iron content,28,29 (i.e. ionic iron loosely bound to the core).-
3,14,21,30 Differences in coating of iron complexes can also
induce diverse pharmacological and biological effects. Observed
effects may concern an impact on the clearance rate of NPs, the
release rate of bioactive iron from the NPs, as well as other
pharmacokinetic (pK) parameters and the body distribution of
the NPs, which in turn influences the infusion rate applied and
the maximum tolerated dose.19,26 Accordingly, the safety and
efficacy of intravenous iron-carbohydrate complexes with
different carbohydrate coatings may be affected by their
respective pharmacokinetic profile and their stability.21 High-
molecular weight iron dextran, whose clinical administration has
been halted, is an excellent example for the importance of
evaluating the effect of carbohydrate coating on the safety of iron
complexes using a combination of physicochemical character-
ization methods and biological studies.22 Clinical trials revealed
that in contrast to currently available low-molecular weight iron
dextran (96,000 Da) the high-molecular weight formulation
(265,000 Da) induces serious and life-threatening anaphylactic
reactions. These results have been found to be related to the large
size of dextran in the latter formulation.10,26,31

With the above-mentioned differences between various
intravenous iron-carbohydrate complexes, comprehensive
knowledge of their physicochemical characteristics is crucial to
improve safety and efficacy of the currently available products as



Figure 2. Fishbone diagram presenting factors influencing safety and efficacy of intravenous iron-carbohydrate complexes during production, storage, transport,
handling and ultimately clinical applications.
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well as for the formulation of new iron preparations in the future.
Therefore, the objective of this review is to identify potential
factors that can affect quality attributes of iron carbohydrate-
based nanomedicines for parenteral iron deficiency treatment.
Here, we explore and assess the current knowledge of the
physicochemical properties as well as biological responses of
commercially available iron complexes while focusing on most
important parameters influencing the safety and efficacy of these
nanomedicines from production to clinical application.
Factors influencing intravenous iron products safety and
efficacy

As detailed in Figure 2, several factors throughout produc-
tion, storage, transport, handling, and eventually clinical
applications might influence the safety and stability of different
iron-carbohydrate complexes. Influencing factors and their
corresponding parameters will be discussed in detail in
subsequent sections.

Production

Intravenous iron-carbohydrate complexes belong to a group
of pharmaceutical compounds known as Non-Biological
Complex Drugs (NBCDs).32 As their name indicates, these
compounds are highly complex, and their production process
mainly determines their physicochemical properties.33 The
manufacturing process of iron-carbohydrate complexes involves
several key steps. Asmentioned in Figure 2, the source of primary
materials, especially for the iron core could be of importance to
minimize potential elemental contaminations and needs to be
considered as a quality attribute of iron complexes.9,30,34–35 The
manufacturing process for iron-carbohydrate complexes is
initiated through the reaction of water-soluble iron (III) salts,
such as ferric chloride, nitrate, and sulfate with a weak base,
followed by precipitation of iron (III)-oxyhydroxide cores in the
reactionmixture.9,36 The reaction between the produced iron core
and carbohydrate solution can then occur under specific
conditions (temperature, pH, reaction time, etc.). Following the
synthesis of the iron complexes, isolation of the product is
achieved by addition of a water-soluble organic solvent to the
reaction mixture to precipitate the iron-carbohydrate complexes.36
The process is then finalized by a purification step, such as filtration,
centrifugation, lyophilization, or distillation to obtain a proper
product for use as a parenteral iron complex.9 Notably, any slight
variations in the production process of iron complexes such as pH,
temperature, bases, material sources, and reaction time might
influence the quality of the final product.37 Physicochemical
properties that can be affected due to variations in the manufacturing
process include molecular weight distribution, particle size
distribution, the valence state of iron, surface charge, and
crystallinity.25,33 Accordingly, small changes in the physicochem-
ical characteristics of iron complexes could alter parameters such as,
in vivo stability, iron release rate, cellular uptake, and tissue
distribution, whichmight intrigue unexpected in vivo responses both
in terms of safety and efficacy.38,39

During production, the other two factors that influence the
safety and efficacy of iron-carbohydrate complexes are autoclav-
ing conditions and the primary packaging material (Figure 2). In
2014, Shah et al investigated the effect of thermal stress on the
molecular weight of iron sucrose (Venofer) autoclaved at 121 °C
and 15 bars, while applying different steaming cycle times of 0.5,
1, and 3 h. A notable increase in the molecular weight as a
function of autoclaving time was reported due to colloidal
aggregation of iron sucrose particles. This observation ultimately
infers the impact of autoclaving conditions on the chemical
stability of iron complexes.33 For the packaging of the finished
product, glass containers are the most commonly used material.
The interior glass surface is usually coated with a layer of
silicone polymer or silicon dioxide to increase its stability.40

Glass has been widely used for the storage of different parenteral
drugs over an extended period. However, there are concerns
about the occurrence of glass delamination and unwanted
interactions between the glass and pharmaceutical products.
These depend on several factors, including glass composition,
properties of the pharmaceutical solutions, and storage
conditions.41 Since intravenous iron products have complex
formulations, ongoing research for evaluating the safety and
stability of primary packaging material is of high importance to
investigate any drug degradation and increased risk of
toxicological effects. Further, a study published by Hauser et
al indicated the impact of employing different production
procedures on batch-to-batch reproducibility of the size of iron
dextran particles and crystalline morphology.2 Therefore, with



Table 1
The availability of research publications [reference number] evaluating the impact of storage conditions and product handling on physicochemical properties of
commercially available intravenous iron complexes.

Product storage Product handling

Influencing factors } Light Time
(aging)

Temperature Moisture Dilution Diluent Bacterial growth Infusion bag

LMWID†

Iron sucrose [33] [33] [51] [33]
Sodium ferric gluconate [52][53] [52][53] [52] [53][54] [52][53]
Ferumoxytol
Iron isomaltoside
Iron polymaltose [55] [55] [55] [55] [55]
Ferric carboxymaltose [56] [56] [56]
SPIONs [57] [57]

† Low Molecular Weight Iron Dextran
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respect to scaling-up strategies, ensuring a high batch-to-batch
reproducibility of the manufactured iron complexes is imperative
to minimize possible variations in physicochemical properties of
the final parenteral product.

Notably, intravenous iron similars that are intended copies of
their originators have been manufactured in recent years in some
countries and are accessible in the global market.42–44 However,
underestimating the high complexity of iron preparations along
with non-disclosed proprietary and confidential information on
the manufacturing process of originator products has led to the
production of iron similars with slightly different structures and
biological responses 42 which will be discussed in more detail.

Product transport and storage

Post-manufacturing, intravenous iron-carbohydrate complexes
are exposed to various mechanical stresses and environmental
conditions (Figure 2). The stability and mechanical strength of the
carbohydrate shell surrounding the iron core might affect the
vulnerability of iron complexes to damage during transport.45,46

Additionally, the physicochemical properties of nano-sized
particles are prone to change when stored under different
conditions, such as temperature, relative humidity, and light.33,47

Another complication that may occur after the manufacturing is
associated with the aging of these products, which can also
accelerate under incorrect storage conditions.45 The aging process
of non-coated NPs is generally known to be slow. However, when
compared to the non-coated NPs, the aging process of coated
particles may lead to different results with respect to their toxicity
and physicochemical properties (i.e. size, crystal type, surface
charge).47,48 Therefore, correct storage conditions can play an
essential role in preserving the physicochemical properties of iron-
carbohydrate complexes and ensuring their medication safety.45

Our investigation into the post-manufacturing parameters
exposed very few accessible studies focusing on the effect of
storage and handling on the safety and efficacy of iron complexes.
To provide more insight into this gap in the research literature, we
have gathered the currently available scientific references focusing
on influencing parameters during storage and handling of iron-
carbohydrate complexes in Table 1. As shown, particularly the lack
of publicly available studies with respect to an impact by light and
moisture was noted. We also widened the scope of our
investigation by exploring the availability of such knowledge
concerning another group of intravenous iron coated nanopar-
ticles, superparamagnetic iron oxide nanoparticles (SPIONs).
SPIONs exhibit a unique capacity to interact with an external
magnetic field, which makes them attractive to be used as a
contrast enhancement agent for in vivo Magnetic Resonance
Imaging (MRI).2,49,50 Although SPIONs have been investigated
intensively using both physicochemical and biological assess-
ments, Table 1 shows that the data on the influence of storage
and transport conditions on the safety and stability of these NPs
are also inaccessible.

As an example, molecular weight distribution of sodium
ferric gluconate has been examined using high-performance gel
permeation chromatography to evaluate the impact of temper-
ature and time on particle stability.53 Their molecular weight has
been shown to remain stable at 50 °C for 30 days. The same
result has been reported for samples subjected to a higher
temperature within one week. However, at 70 °C particles have
exhibited signs of degradation followed by particle aggregation
over an extended time. Overall, the degradation of sodium ferric
gluconate and changes in molecular weight of particles have
been observed at relatively high temperatures, indicating the
possibility of alteration in physicochemical properties of iron
complexes in response to changes in storage time and
temperature. The influence of storage time (0-12 weeks) and
temperature (4-45 °C) on physicochemical properties and
cellular uptake of SPIONs with hybrid coating has also been
investigated in a study performed by Zaloga et al. 57 Based on their
observation a reduction in saturation magnetization (Ms) of
SPIONs has been reported to be dependent on both storage time
and temperature, most likely owing to the oxidation of the iron
(magnetite/maghemite) core. Since a highMs is crucial for targeted
molecular imaging, the decrease of this parameter over time can
negatively influence the diagnostic efficacy of SPIONs.57,58 This
phenomenon has shown to induce a visible color change of the
suspension from black-brown to reddish-brown over an increase in
storage temperature and time.Despite oxidation of the iron core, no
notable differences in particles size and surface charge have been
observed. The particles' uptake by human T-lymphoma cells has
also been reported to be reduced, which has been suggested to be a
consequence of oxidative stress observed upon cellular uptake.57
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Product handling

As depicted in Figure 2, handling procedures are the third
factor impacting the stability of intravenous iron complexes.
There are several primary constituents to be considered: dilution
process, diluting agent, and the infusion bag material. Intrave-
nous iron complexes are administered using two methods, either
by slow injection of the undiluted product or by intravenous
infusion of a diluted iron preparation.54 The dilution ratio, as
well as the nature of the diluent, can influence the stability of the
carbohydrate shell in iron complexes, ultimately affecting the
amount of labile iron content.33 There are many concerns
regarding the link between the amount of released labile iron
from various iron complexes and the occurrence of adverse
reactions in patients. Since the maximum tolerable amount of
labile iron is stated to be ≤8 mg,29 high amounts of labile iron
released from degraded or destabilized iron-carbohydrate
complexes as a result of improper handling, cannot be fully
taken up by the RES system. This can then induce severe
toxicity, such as oxidative stress and denaturation of plasma
components.55,59 It is important to establish a dilution procedure,
which has no or little effect on iron product stability and safety
during handling.29,56 Besides, since the preparation of intrave-
nous products in hospitals can pose a potential risk of microbial
contamination, it is crucial to maintain strict aseptic techniques to
minimize the risk of infections when handling sterile starting
products for intravenous administration.60 Further, with the
effect of storage conditions on the stability of iron-carbohydrate
complexes discussed earlier, iron preparations need to be
correctly stored before and after the dilution process in order
to ensure in-use stability for clinical applications.

Previous studies have demonstrated that vein inflammation
also known as phlebitis could be minimized by diluting the iron
dextran product in 0.9% NaCl rather than 5% dextrose.54 In a
study published in 2010, no visible changes in the molecular
weight of diluted sodium ferric gluconate (Nulecit®, intended
copy product) in 0.9% NaCl compared to the undiluted product
were reported.52 In another study by Yang et al, the effect of
different diluents on the stability of sodium ferric gluconate has
been evaluated. Based on their results, the molecular weight of
diluted sodium ferric gluconate in sucrose versus sodium
gluconate remained stable.53 Additionally, the stability of
sodium ferric gluconate diluted with alkaline buffers at different
pH levels has been tested. At pH 8 and 9, a consistent molecular
weight of sodium ferric gluconate has been reported. However,
when the products were diluted at pH 10 and 11, small molecular
species (36,500-56,300 Da) were generated, indicating the
decomposition of the polynuclear iron core. Overall, this study
suggests acceptable colloidal stability of sodium ferric gluconate
over variations in storage and handling conditions employing
several physicochemical characterizations, such as particle size
analysis, ultracentrifugation, dialysis, zeta potential, and osmo-
lality analysis.53 With respect to iron sucrose, experiments
conducted by Shah et al have demonstrated colloidal iron
nanoparticle recovery at the formulation pH of 10.5 after being
destabilized at low pH (N1.2).33

For handling of diluted iron complexes, the material chosen
for the infusion bag needs careful consideration. So far,
polypropylene (PP) infusion bags are chiefly used in clinical
practice for intravenous infusion. However, until now, merely a
few studies have tested the stability of diluted iron complexes
when stored in infusion bags of different materials.55,56 To the
best of our knowledge, among various intravenous iron
complexes, the physicochemical properties of ferric carboxy-
maltose and iron polymaltose are the only products that have
been tested for their stability in infusion bags after having been
diluted.55,56 Overall, ferric carboxymaltose (Ferinject) diluted in
0.9% NaCl examined by their molecular weight has been
reported to maintain its stability for 72 h at 30 °C in both PP
bottle and PP bags. Furthermore, only slight changes in the iron
content (5%) of diluted products in PP bottle or PP bags have
been reported, which suggested no detectable absorption of iron
at the surface of the PP containers.56 Diluted iron polymaltose
(Ferrosig™) has also shown high stability for up to 28 days in
polyvinyl chloride infusion bags at room temperature and under
refrigerated conditions. No sign of discoloration, precipitation, or
changes in pH of the diluted iron polymaltose was observed
throughout their experiments using different storage conditions.
Notably, over this period, the diluted Ferrosig only lost 0.3% of
its total complexed iron, which indicates low probability to cause
toxic reactions in patients.55

As was summarized, in response to different storage and
handling conditions, measuring the molecular weight of the iron
complexes provides a sensitive parameter to examine degrada-
tion or aggregation of these NPs.56 However, as identified in
Table 1, more in-depth physicochemical and biological charac-
terizations are required to overcome the current lack of detailed
systematic studies comprising the influence of transport, storage
and handling conditions on all available intravenous iron-
carbohydrate complexes.

Application

As shown in Figure 2, at the final step of clinical application,
several factors, such as choice of iron formulation, dosage,
administration method (infusion versus injection), administration
speed, and the number of intravenous sessions could vary
widely, affecting the safety and efficacy of iron-carbohydrate
complexes.12,61–62 Intravenous products can be administered as
push injection and/or as infusions. Administration time can vary
between fast push and slow infusions depending on the type of
product.8,63 Since intravenous iron-carbohydrate complexes
differ in their pharmacokinetic properties such as uptake by the
RES and particle degradation, the choice of administration
method, speed and the number of intravenous sessions must be
arranged according to the information provided by the
manufacturer and careful consideration is required based on
the patient’s medical history.8,29,64 From a safety perspective,
hypophosphatemia and hypersensitivity reactions are the two
main side effects associated with IV iron supplementation.65–69

In a clinical analysis published in 2017, the occurrence of these
two complications has been assessed for 231 patients with IBD
following treatment with isomaltose versus ferric carboxymal-
tose. This head-to-head comparison suggested the higher
occurrence rate of hypophosphatemia under ferric carboxymal-
tose therapy, while the use of isomaltoside was associated with a



Figure 3. Pie charts illustrating the number of scientific publications on physicochemical characterization of commercially available intravenous iron-
carbohydrate complexes relevant to assess the products after the manufacturing process.
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higher risk of hypersensitivity reactions. Since the same dosage
of iron was administered during this evaluation, the differences
in the observed side effects have been suggested to be associated
with differences between the structure and the iron release
mechanism of the two iron formulations.70

The correct dose to achieve a normal Hb level for an
individual patient must be thoughtfully selected by the clinical
staff, especially when considering the administration of follow-
on products, so-called iron similars. In a retrospective study
conducted in 2011, correction of iron deficiency in hemodialysis
patients has been studied by substituting an original iron sucrose
product with an iron sucrose similar (ISS).44 A significant
reduction of Hb levels was reported after the switch to the ISS.
Accordingly, a 35% increase in iron dose was needed to reach
similar Hb levels as with the original iron sucrose. Although iron
similars are known to be less costly in comparison to their
originators, comparable clinical trials suggest that this could be
invalidated owing to the increased dosage requirement.44,71–72

The patient’s condition might also influence the final decision
concerning the number of required intravenous sessions and the
choice of administration method. For instance, the multiple low
doses of intravenous iron formulations, such as iron sucrose and
sodium ferric gluconate might not be a significant challenge for
patients who are already undergoing chemotherapy or hemodi-
alysis. However, a single infusion of maximum iron dose using
other formulations such as iron isomaltoside, ferric carboxy-
maltose, iron dextran, and ferumoxytol can reduce the necessity
for multiple office visits and importantly increase convenience to
both physicians and patients.73 Altogether, data collected from
clinical practice have so far highlighted subtle, though important
differences in pharmacokinetic and pharmacodynamic behavior
of various intravenous iron complexes.
Characterization approaches: physicochemical, biological,
and clinical assessment

Until now, physicochemical characterizations including
analysis of particle size, chemical structure, molecular weight,
colloidal nature, labile or free iron, surface charge, total iron
content, and viscosity are the main assessment tools of
manufactured iron-carbohydrate complexes. However, as
depicted in Figure 3, there is a clear imbalance in the numbers
of scientific publications on the different physicochemical
characteristics of seven commercially available iron complexes.
The majority of scientific publications are accessible for iron
sucrose, with just a few publicly available on iron polymaltose.
Among the different physiochemical characteristics mentioned
above, only information on particle size and morphology is
available for all products. On the other hand, except for iron
sucrose and sodium ferric gluconate, information on their
colloidal nature and viscosity is missing for most iron
complexes.

For size analysis, dynamic light scattering (DLS), which
allows for the determination of the hydrodynamic diameter (z-
average) of NPs and quantifies the distribution of particle size by
the polydispersity index (PDI), is commonly applied.2,10,39,74

DLS is known to be a quick and straightforward method when it
comes to sample preparation. However, as experimental
conditions can affect the reported size distribution,39,75 imaging
methods such as (scanning) transmission electron microscopy
(STEM) and atomic force microscopy (AFM) are usually
performed in addition to DLS measurements to provide more
robust information on particle core size, shape, and agglomer-
ation status.10,26,39 Based on the results proposed byVerhoef et al,
the application of STEM for four different iron complexes (sodium
ferric gluconate, iron sucrose, iron carboxymaltose, and iron
isomaltoside 1000) has demonstrated the presence of spherical iron
cores for all preparations except for iron carboxymaltose, which
has exhibited rod-shaped iron cores.10 This observation is in good
agreement with other studies, where TEM andAFM analyses have
also confirmed iron complexes uniformity in size, especially for
iron sucrose preparations.24,26,27,74 Existing methods to evaluate
iron core crystallinity and the presence of Fe (II) and Fe (III) within
the core structure are X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), andMössbauer spectroscopy.23,27,39

While XRD and FTIR analyses of iron sucrose, sodium ferric
gluconate, iron dextran, and iron polymaltose have demonstrated
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akaganeite (β-FeOOH) as the core structure.27,76–77 Mössbauer
spectra of ferumoxytol have shown a maghemite structure with Fe
(II) content b1%.,2378 These observations could emphasize the
relevance of further pre-clinical studies to examine the effect of
higher Fe (II) content observed for iron sucrose (10-15%) in
comparison to other products since it can lead to oxidation stress
(formation of reactive oxygen species (ROS)).21,30 The molecular
weight distribution of iron-carbohydrate complexes is another
essential quality attribute, which is in direct relation to the rate of
iron released from the core after intravenous administration.33,39

Differences in the composition of the carbohydrate shell can
intensively affect the overall molecular weight of the iron
complexes and have mainly been evaluated by gel permeation
chromatography.19,26 Regarding differences in the molecular
weight of various carbohydrate shells, studies have mentioned
the following trend for the manufactured iron-carbohydrate
complexes: iron dextran NN ferumoxytol N iron carboxymaltose
N iron isomaltoside 1000 N iron sucrose N sodium ferric
gluconate.19,23,26

Essential physicochemical characterization is linked to the
colloidal nature (lyophilic or lyophobic) of iron-carbohydrate
complexes. Iron sucrose preparations have shown to maintain their
stability without any significant signs of aggregation when both
dialysis experiments and incubation in solutions of monovalent
electrolyte (1 M of NaCl) for up to 24 h were employed.33 Several
studies have confirmed the lyophilic nature of iron sucrose and
sodium ferric gluconate, which prove low sensitivity of these two
colloidal NPs to added electrolytes and indicate high colloidal
stability.33,53,79 Moreover, for measuring the amount of labile iron
released from intravenous iron complexes colorimetric assays, such
as Bleomycin, MAK025 iron, and Ferrozine assays have been
suggested to be employed.39,80 Between sodium ferric gluconate,
ferumoxytol and iron sucrose, the lowest amount of detectable free
iron has been reported for ferumoxytol. In fact, ferumoxytol with a
superparamagnetic iron oxide core and polyglucose sorbitol
carboxymethyl ether shell was initially developed as a contrast
agent for MRI.81 As mentioned earlier, unlike other intravenous
iron complexes with akageneite (β-FeOOH) core structure,
ferumoxytol has been reported having maghemite (γ-Fe2O3)
core with very low Fe (II) content. A maghemite core with high
Fe (III) content renders the iron core more stable against reduction,
which explains the noticeable decrease in the amount of released
labile iron from ferumoxytol in comparison with other iron
complexes.21,23,78

Given the differences between various formulations of iron-
carbohydrate complexes, similar pharmacokinetic profiles and
pharmacologic properties cannot be assumed for all products.74,82

Accordingly, biological (pre-clinical) studies are required to obtain a
general overview of their toxicological effects, efficacy, and uptake
mechanism. Several in vitro and in vivo studies have shown that iron
complexes can induce oxidative stress,13,42,83 boost bacterial
growth,51 cause pro-inflammatory reactions,42,84 and increase the
secretion of specific cytokines.1,2 Some of these biochemical
reactions are considered to occur owing to the binding of iron
complexes to interacting proteins of the complement system85;
however, the role of the iron core in the activation of the complement
system is not fully identified yet. A study performed byHempel et al
confirmed the carbohydrate shell surrounding the iron core is the
primary structural element in provoking immunotoxicity and
inflammatory reactions.86 It is not entirely understood whether
oxidative conditions are linked to the physicochemical and structural
properties of different iron-carbohydrate complexes.13,59,83,87,88 In
vitro evaluations had confirmed a significant increase in ROS when
iron sucrose, iron dextran, ferric gluconate, and ferric carboxymal-
tose were cultured with peripheral blood mononuclear cells isolated
from both healthy volunteers and patients with CKD.13,83,89

Despite current knowledge concerning the role of macro-
phages in capturing released iron by phagocytosis, the
mechanism by which iron is released from various iron
complexes to participate in iron replenishment is poorly
understood.28 A recent in vitro study has confirmed elevated
sensitivity of the THP-1 macrophage cell line in response to
ferric carboxymaltose compared with iron sucrose.89 Overall,
studies suggest that after exposure to iron formulations, different
types of macrophages in the body can inflict inconsistent
responses.90 Iron-carbohydrate complexes can also differ in their
iron loading capacity, which indicates the ability of transferrin
protein to bind serum iron.91 Iron polymaltose and iron dextran
have been shown to provide high iron loading capacity in
comparison to sodium ferric gluconate and iron sucrose.90 The
observed differences between the bioavailability and absorption
of several iron complexes are related to a variety of factors, such
as particle size, molecular weight, surface charge, and type of
carbohydrate surrounding ferric iron.25,74,90 Notably, the low
efficacy in the iron loading of lower molecular weight complexes
may also be caused by their accelerated renal clearance.90

Clinical trials are the final step for the characterization of
intravenous iron complexes, which permits excluding clinically
significant differences that may not be identified by non-clinical
approaches. So far, a significant number of clinical studies have
been conducted on these products; however, several factors can
affect the clinical outcomes of such studies and make it difficult
to draw a certain decision in choosing a particular intravenous
iron complex with the highest efficacy and with the least side
effects.92 Since several diseases such as chronic kidney disease,
heart failure, gastrointestinal disease, and cancer can be the
underlying reason for iron deficiency, reported adverse reactions
and effectiveness of an iron product may be influenced by the
patient's medical history.64,65,93–94 Accompanying factors such
as age, gender, genotypic variations, and the previous exposure
of the patients to intravenous iron complexes, can also affect the
patient's reaction to the intravenously administered iron
supplements and this needs to be accurately stated in clinical
trials.95–96 To indicate efficacy of the particular iron product, as
well as occurrence of iron overload after intravenous adminis-
trations measurement of NBTI, LDL oxidation, analysis of
hemoglobin, C-reactive protein, ferritin, and plasma phosphate,
are among the most common clinical laboratory tests.97 A
notable limitation of clinical trials is the short-term nature of
conducted studies; therefore, tracking of long-term adverse
events has not been thoroughly investigated for most available
intravenous iron formulations4 and could be of importance to
patients with chronic kidney failure, who require long-term
dialysis and frequent iron infusion.98–99 The comprehensive
study published in 2014 provided a systematic review into the
overall safety profile of commonly used intravenous iron



Figure 4. The evaluation of nanoparticles can be divided into the physicochemical characterization to verify the impact of manufacturing, storage and handling
parameters, followed by biochemical analysis to assess nanoparticle-cell interactions, and ultimately safety and functionality evaluations based on clinical data.
The current research gap indicates a weak correlation between physicochemical characteristics and clinical outcomes. Further biological assessments of iron
complexes can effectively bridge the gap between pre-clinical and clinical studies (depicted by dashed lines).

8 N. Nikravesh et al / Nanomedicine: Nanotechnology, Biology, and Medicine 26 (2020) 102178
complexes analyzing a total of 103 trials from 1966 through
2013.100 In this study, the high safety of iron complexes
especially in terms of newer preparations has been recommend-
ed. The authors have also stated the necessity of a head-to-head
comparison of different intravenous iron complexes focusing on
patients with a specific health condition, which could provide
valuable insight into the safety and efficacy of varying iron
formulations.100

Overall, as shown in Figure 4, there exists a relatively poor
correlation between the currently available physicochemical
characterization methods, biological assessments, and clinical
data. The largest research gap exists for biological assessments,
which are highly important to bridge between physicochemical
characterization and clinical outcomes of these complex
structures. In vitro investigations are vital in terms of providing
a platform for direct application of the iron-carbohydrate
complexes into cell culture media, which enables a sensitive
and controllable approach for several evaluations including the
analysis of oxidative stress as well as broadening the knowledge
on the mechanism by which the iron complexes are taken up by
macrophages.13 Notably, most physicochemical evaluations
have failed to indicate differences between intended copies and
originator products, which might represent weaknesses of
available characterization tools to recognize subtle structural
variations.

The effect of the manufacturing process on iron-carbohydrate
complexes shows that small modifications in the manufacturing
process might cause several concerns about the safety and
curative equivalence between these products and their
originators.38,42,44,70 A study published by Toblli et al has
shown variations between physicochemical properties of six iron
sucrose similars (ISSs) and Venofer. They have reported
dissimilarities in both stability and molecular structure of ISSs
versus Venofer, particularly linked with titratable alkalinity,
turbidity point, and molecular weight distribution.14 Further-
more, biological assessments have indicated functional devia-
tions between originator iron complexes and their intended copy
products. However, concerning ISSs, a higher level of induced
oxidative stresses has been notified causing less certainty
regarding their safety.14,42,83,101 Since carbohydrate iron com-
plexes have complex chemical structures, a thorough evaluation
is required to ensure that the intended copy products replicate
those of the original. Meanwhile, the differences between
reported results based on current available characterization
approaches make it challenging to conclude on the safety and
efficacy of several intravenous preparations.102
Summary and outlook

Pharmacokinetic and pharmacodynamic properties of nano-
medicines are not solely defined by their chemical composition
but also by the physical nature of their NPs. This is also reflected
in various regulatory documents such as FDA’s considerations
for product involving the application of nanotechnology, where
it is stated that a product is engineered to 1) have at least one
dimension in the nanoscale range and 2) exhibit properties that
are attributable to this dimension. Hence, we have to assume that
the chemical composition, as well as the size, morphology and
surface characteristics of the NPs upon administration, is
decisive for the nanomedicine’s pharmacological action.

Despite a great number of publications on the physicochem-
ical properties of commercially available intravenous iron
products, few studies are available to represent the impact of
production procedure on iron complexes. Since detailed
production protocols are being kept confidential by manufac-
turers, a comprehensive physicochemical comparison that can
give strong conclusion on the impact of each manufacturing
parameter including temperature, pH, material source, scale-up
procedure, autoclaving condition, and primary packaging is
hardly accessible to researchers.

Here, we mainly reviewed publications describing parameters
affecting intravenous iron complexes after production (Figure 3).
Understanding these influencing factors is necessary to ensure
the particles' ability to resist alterations induced by transport,
storage and handling processes.45,46,57 Such studies should be
based on clinically relevant critical quality attributes (CQAs).
Understanding of the mechanisms by which the physicochemical
properties of the nanomedicines impact their biological behavior
is therefore adamant. By today, these factors are not fully
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understood. Further research in finding relevant and sensitive
non-clinical models for evaluating iron NPs with different
physicochemical characteristics is needed to assess the CQAs
responsible for product stability and finally the efficacy and
safety profiles of parenteral iron products. In relation to clinical
trials published on intravenous iron complexes, the database is
currently expanding at a rapid pace as demonstrated in Figure 4.
However, the conclusion reached in our investigation indicated a
weak correlation between physicochemical characterizations and
pre-clinical studies as well as pre-clinical versus clinical
data.14,89

Although nanomedicines storage and handling are known to
be challenging, owing to the complexity of these products,
published research and information on physicochemical stability
are missing for most intravenous iron complexes (Table 1). Such
studies are needed to contribute to the knowledge of potential
changes in physicochemical properties during their journey from
manufacturing to application to the patient. For healthcare
professionals, such information would be highly relevant to
establish appropriate clinical practice protocols ensuring product
quality during storage and handling for best clinical outcome.
The lack of reliable and transparent consensus emphasizes the
need for additional data to address the identified knowledge gap
between the manufacturing and developmental step and clinical
administration. This could clarify the differences between iron
complex products and ultimately reflect on both the choice of the
iron complex as well as the decision to switch between various
products in clinical practice.
Acknowledgments

N.N. acknowledges the EMPAPOSTDOCS-II program,
which has received funding from the European Union’s Horizon
2020 research and innovation program under the Marie
Skłodowska-Curie grant agreement number 754364.
References

1. Ling D, Hyeon T. Chemical design of biocompatible iron oxide
nanoparticles for medical applications. Small 2013;9(9‐10):1450-66.

2. Hauser AK, Mathias R, Anderson KW, Hilt JZ. The effects of synthesis
method on the physical and chemical properties of dextran coated iron
oxide nanoparticles. Mater Chem Phys 2015;160:177-86.

3. Hafner A, Lovrić J, Lakoš GP, Pepić I. Nanotherapeutics in the EU: an
overview on current state and future directions. Int J Nanomedicine
2014;9:1005.

4. Stark WJ. Nanoparticles in biological systems. Angew Chemie Int Ed
2011;50(6):1242-58.

5. Riehemann K, Schneider SW, Luger TA, Godin B, Ferrari M, Fuchs H.
Nanomedicine—challenge and perspectives. Angew Chemie Int Ed
2009;48(5):872-97.

6. Fendler JH. Colloid chemical approach to nanotechnology. Korean J
Chem Eng 2001;18(1):1-13.

7. Weissig V, Pettinger TK, Murdock N. Nanopharmaceuticals (part 1):
products on the market. Int J Nanomedicine 2014;9:4357.

8. Cançado RD, Muñoz M. Intravenous iron therapy: how far have we
come? Rev Bras Hematol Hemoter 2011;33(6):461-9.
9. S. Mühlebach and B. Flühmann, “Iron carbohydrate complexes:
characteristics and regulatory challenges,” in Non-Biological Complex
Drugs, Springer, 2015, pp. 149–170.

10. Verhoef JJF, et al. Iron nanomedicines induce Toll-like receptor
activation, cytokine production and complement activation. Biomater-
ials 2017;119:68-77.

11. Grzywacz A, Lubas A, Fiedor P, Fiedor M, Niemczyk S. Safety and
efficacy of intravenous administration of iron preparations. Acta Pol
Pharm 2017;74(1):13-24.

12. Silverstein SB, Rodgers GM. Parenteral iron therapy options. Am J
Hematol 2004;76(1):74-8.

13. J. R. Connor, X. Zhang, A. M. Nixon, B. Webb, and J. R. Perno,
“Comparative evaluation of nephrotoxicity and management by
macrophages of intravenous pharmaceutical iron formulations,” PLoS
One, vol. 10, no. 5, p. e0125272, 2015.

14. Eduardo Toblli J, Cao G, Oliveri L, Angerosa M. Comparison of
oxidative stress and inflammation induced by different intravenous iron
sucrose similar preparations in a rat model. Inflamm Allergy-Drug
Targets (Formerly Curr Drug Targets-Inflammation Allergy) 2012;11
(1):66-78.

15. Geisser P, Burckhardt S. The pharmacokinetics and pharmacodynamics
of iron preparations. Pharmaceutics 2011;3(1):12-33.

16. Powell JJ, et al. A nano-disperse ferritin-core mimetic that efficiently
corrects anemia without luminal iron redox activity. Nanomedicine
Nanotechnology, Biol Med 2014;10(7):1529-38.

17. Friedrisch JR, Cançado RD. Intravenous ferric carboxymaltose for the
treatment of iron deficiency anemia. Rev Bras Hematol Hemoter
2015;37(6):400-5.

18. H. Saito, “Metabolism of iron stores,” Nagoya J. Med. Sci., vol. 76, no.
3–4, p. 235, 2014.

19. D. Sun et al., “Comparative evaluation of US brand and generic
intravenous sodium ferric gluconate complex in sucrose injection:
physicochemical characterization,” Nanomaterials, vol. 8, no. 1, p. 25,
2018.

20. M. Koralewski, M. Pochylski, and J. Gierszewski, “Magnetic
properties of ferritin and akaganeite nanoparticles in aqueous
suspension,” J. Nanoparticle Res., vol. 15, no. 9, p. 1902, 2013.

21. García-Fernández J, et al. The fate of iron nanoparticles used for
treatment of iron deficiency in blood using mass-spectrometry based
strategies. Microchim Acta 2017;184(10):3673-80.

22. Auerbach M, Ballard H. Clinical use of intravenous iron: administra-
tion, efficacy, and safety. ASH Educ Progr B 2010;2010(1):338-47.

23. Neiser S, et al. Physico-chemical properties of the new generation IV
iron preparations ferumoxytol, iron isomaltoside 1000 and ferric
carboxymaltose. Biometals 2015;28(4):615-35.

24. Wu Y, et al. Core size determination and structural characterization of
intravenous iron complexes by cryogenic transmission electron
microscopy. Int J Pharm 2016;505(1–2):167-74.

25. V. Ayala, A. P. Herrera, M. Latorre-Esteves, M. Torres-Lugo, and C.
Rinaldi, “Effect of surface charge on the colloidal stability and in vitro
uptake of carboxymethyl dextran-coated iron oxide nanoparticles,” J.
Nanoparticle Res., vol. 15, no. 8, p. 1874, 2013.

26. Danielson BG. Structure, chemistry, and pharmacokinetics of intrave-
nous iron agents. J Am Soc Nephrol 2004;15(suppl 2):S93-8.

27. Kudasheva DS, Lai J, Ulman A, Cowman MK. Structure of
carbohydrate-bound polynuclear iron oxyhydroxide nanoparticles in
parenteral formulations. J Inorg Biochem 2004;98(11):1757-69.

28. Van Wyck D, Anderson J, Johnson K. Labile iron in parenteral iron
formulations: a quantitative and comparative study. Nephrol Dial
Transplant 2004;19(3):561-5.

29. Van Wyck DB. Labile iron: manifestations and clinical implications. J
Am Soc Nephrol 2004;15(SUPPL 2):107-11.

30. Gupta A, Pratt RD, Crumbliss AL. Ferrous iron content of intravenous
iron formulations. Biometals 2016;29(3):411-5.

31. F. Funk, P. Ryle, C. Canclini, S. Neiser, and P. Geisser, “The new
generation of intravenous iron: chemistry, pharmacology, and



10 N. Nikravesh et al / Nanomedicine: Nanotechnology, Biology, and Medicine 26 (2020) 102178
toxicology of ferric carboxymaltose,” Arzneimittel-Forschung/Drug
Res., vol. 60, no. 6, p. 345, 2010.

32. Borchard G, Flühmann B, Mühlebach S. Nanoparticle iron medicinal
products— requirements for approval of intended copies of non-biological
complex drugs (NBCD) and the importance of clinical comparative studies.
Regul Toxicol Pharmacol 2012;64(2):324-8.

33. Shah RB, Yang Y, Khan MA, Raw A, Lawrence XY, Faustino PJ.
Pharmaceutical characterization and thermodynamic stability assess-
ment of a colloidal iron drug product: Iron sucrose. Int J Pharm
2014;464(1–2):46-52.

34. “Guideline for elemental impurities Q3D.” [Online]. Available: https://
www.ich.org/products/guidelines/quality/article/quality-guidelines.html.

35. John B, Herb Pa R. Iron preparations and methods of makeng and
administering the same; 1979.

36. J. T. Mahajan Purbita Chakraborty, “Effect of variation of process
parameters on stability of colloidal metal-complexes,” Der Pharma
Chem., vol. 9, no. 9, pp. 19–23, 2017.

37. Toblli JE, Cao G, Angerosa M. Cardiovascular outcomes of
intravenous iron in perspective of clinical trials and the use of different
iron preparations. Int J Cardiol 2015;187(1):196-7.

38. Pai AB. Complexity of intravenous iron nanoparticle formulations:
implications for bioequivalence evaluation. Ann. N. Y. Acad. Sci; 2017.

39. Zou P, Tyner K, Raw A, Lee S. Physicochemical characterization
of iron carbohydrate colloid drug products. AAPS J 2017;19
(5):1359-76.

40. Seshagiri R. Tata-Venkata, I. L. (US); X. Z. Chicago, I. L. (US); F. G.
Gurnee, I. L. (US); M. Wilmette, and L. V. Siddiqui IL (US),
“Packaged iron sucrose products,” 2011.

41. S. A. Pillai, D. Chobisa, D. Urimi, and N. Ravindra, “Pharmaceutical
glass interactions: a review of possibilities,” J. Pharm. Sci. Res., vol. 8,
no. 2, p. 103, 2016.

42. Toblli JE, Cao G, Oliveri L, Angerosa M. Differences between original
intravenous iron sucrose and iron sucrose similar preparations. Arz-
neimittelforschung 2009;59(04):176-90.

43. Astier A, et al. How to select a nanosimilar. Ann N Y Acad Sci
2017;1407(1):50-62.

44. Rottembourg J, Kadri A, Leonard E, Dansaert A, Lafuma A. Do two
intravenous iron sucrose preparations have the same efficacy? Nephrol
Dial Transplant 2011;26(10):3262-7.

45. Perfetti G, Aubert T, Wildeboer WJ, Meesters GMH. Influence of
handling and storage conditions on morphological and mechanical
properties of polymer-coated particles: characterization and modeling.
Powder Technol 2011;206(1–2):99-111.

46. Baer DR, et al. Characterization challenges for nanomaterials. Surf
Interface Anal 2008;40(3‐4):529-37.

47. Izak-Nau E, et al. Impact of storage conditions and storage time on
silver nanoparticles’ physicochemical properties and implications for
their biological effects. Rsc Adv 2015;5(102):84172-85.

48. Jasbi NE, Dorranian D. Effect of aging on the properties of TiO2
nanoparticle. J Theor Appl Phys 2016;10(3):157-61.

49. Karaagac O, Kockar H, Tanrisever T. Properties of iron oxide
nanoparticles synthesized at different temperatures. J Supercond Nov
Magn 2011;24(1–2):675-8.

50. Sharma H, Mishra PK, Talegaonkar S, Vaidya B. Metal nanoparticles: a
theranostic nanotool against cancer. Drug Discov Today 2015;20
(9):1143-51.

51. Parkkinen J, von Bonsdorff L, Peltonen S, Grönhagen‐Riska C,
Rosenlöf K. Catalytically active iron and bacterial growth in serum of
haemodialysis patients after iv iron-saccharate administration. Nephrol
Dial Transplant 2000;15(11):1827-34.

52. Baribeault D. Short-term stability of a new generic sodium ferric
gluconate in complex with sucrose. Curr Med Res Opin 2011;27
(12):2241-3.

53. Yang Y, Shah RB, Faustino PJ, Raw A, Yu LX, Khan MA.
Thermodynamic stability assessment of a colloidal iron drug product:
sodium ferric gluconate. J Pharm Sci 2010;99(1):142-53.
54. Kumpf VJ, Holland EG. Parenteral iron dextran therapy. DICP
1990;24(2):162-6.

55. Patel RP, Wanandy T, Loring S, Johns C, Hutchinson J, Shastri M.
Stability of diluted iron polymaltose in PVC infusion bags. J Pharm
Pract Res 2013;43(2):112-6.

56. Philipp E, Braitsch M, Bichsel T, Mühlebach S. Diluting ferric
carboxymaltose in sodium chloride infusion solution (0.9% w/v) in
polypropylene bottles and bags: effects on chemical stability. Eur J
Hosp Pharm 2016;23(1):22-7.

57. Zaloga J, et al. Different storage conditions influence biocompatibility
and physicochemical properties of iron oxide nanoparticles. Int J Mol
Sci 2015;16(5):9368-84.

58. Wabler M, et al. Magnetic resonance imaging contrast of iron oxide
nanoparticles developed for hyperthermia is dominated by iron content.
Int J Hyperth 2014;30(3):192-200.

59. Locatelli F, Canaud B, Eckardt K, Stenvinkel P, Wanner C, Zoccali C.
Oxidative stress in end‐stage renal disease: an emerging threat to patient
outcome. Nephrol Dial Transplant 2003;18(7):1272-80.

60. E. Suvikas-Peltonen, S. Hakoinen, E. Celikkayalar, R. Laaksonen, and
M. Airaksinen, “Incorrect aseptic techniques in medicine preparation
and recommendations for safer practices: a systematic review,” Eur J
Hosp Pharm, p. ejhpharm-2016-001015, 2016.

61. Mikhail A, Shrivastava R, Richardson D. Renal association clinical
practice guideline on anaemia of chronic kidney disease. Nephron Clin
Pract 2011;118(Suppl 1):c101-24.

62. “EU clinical trials register.” European Medicines Agency Domenico
Scarlattilaan 6, 1083 HS Amsterdam, The Netherlands.

63. Koch TA, Myers J, Goodnough LT. Intravenous iron therapy in
patients with iron deficiency anemia: dosing considerations. Anemia,
vol 2015;2015.

64. Kalra PA, Bhandari S. Efficacy and safety of iron isomaltoside
(Monofer®) in the management of patients with iron deficiency anemia.
Int J Nephrol Renovasc Dis 2016;9:53.

65. S. Bhandari, D. Pereira, H. Chappell, and H. Drakesmith, “Intravenous
irons: from basic science to clinical practice,” Pharmaceuticals, vol.
11, no. 3, p. 82, 2018.

66. Blazevic A, Hunze J, Boots JM. Severe hypophosphataemia after
intravenous iron administration. Neth J Med 2014;72(1):49-53.

67. emc, “Venofer (iron sucrose).” [Online]. Available: https://www.
medicines.org.uk/emc/product/5911/smpc.

68. emc, “Ferinject (ferric carboxymaltose).” [Online]. Available: https://
www.medicines.org.uk/emc/product/5910/smpc.

69. emc, “Iron dextran.” [Online]. Available: https://www.medicines.org.
uk/emc/product/48/smpc.

70. Bager P, Hvas CL, Dahlerup JF. Drug-specific hypophosphatemia and
hypersensitivity reactions following different intravenous iron infu-
sions. Br J Clin Pharmacol 2017;83(5):1118-25.

71. J. G. A. Rottembourg, M. Diaconita, and A. Kadri, “The complete study of
the switch from iron-sucrose originator to iron-sucrose similar and vice versa
in hemodialysis patients,” J Kidney, vol. 2, no. 1, p. 110, 2016.

72. M. L. Agüera et al., “Efficiency of original versus generic intravenous
iron formulations in patients on haemodialysis,” PLoS One, vol. 10, no.
8, p. e0135967, 2015.

73. Auerbach M, Macdougall I. The available intravenous iron formula-
tions: history, efficacy, and toxicology. Hemodial Int 2017;21:S83-92.

74. B. S. Barot, P. B. Parejiya, P. K. Shelat, G. B. Shah, D. M. Mehta, and
T. V Pathak, “Physicochemical and toxicological characterization of
sucrose-bound polynuclear iron oxyhydroxide formulations,” J. Pharm.
Investig., vol. 45, no. 1, pp. 35–49, 2015.

75. Fütterer S, Andrusenko I, Kolb U, Hofmeister W, Langguth P.
Structural characterization of iron oxide/hydroxide nanoparticles in
nine different parenteral drugs for the treatment of iron deficiency
anaemia by electron diffraction (ED) and X-ray powder diffraction
(XRPD). J Pharm Biomed Anal 2013;86:151-60.

76. Somsook E, et al. Interactions between iron (III) and sucrose, dextran,
or starch in complexes. Carbohydr Polym 2005;61(3):281-7.



11N. Nikravesh et al / Nanomedicine: Nanotechnology, Biology, and Medicine 26 (2020) 102178
77. Funk F, Long GJ, Hautot D, Büchi R, Christl I, Weidler PG. Physical
and chemical characterization of therapeutic iron containing materials:
a study of several superparamagnetic drug formulations with the β-
FeOOH or ferrihydrite structure. Hyperfine Interact 2001;136(1–
2):73-95.

78. Balakrishnan VS, et al. Physicochemical properties of ferumoxytol, a
new intravenous iron preparation. Eur J Clin Invest 2009;39(6):489-96.

79. Morrison ID, Ross S. Colloidal dispersions: suspensions, emulsions,
and foams. Wiley-Interscience New York; 2002.

80. Di Francesco T, Philipp E, Borchard G. Iron sucrose: assessing the
similarity between the originator drug and its intended copies. Ann N Y
Acad Sci 2017;1407(1):63-74.

81. Bullivant JP, Zhao S, Willenberg BJ, Kozissnik B, Batich CD, Dobson
J. Materials characterization of feraheme/ferumoxytol and preliminary
evaluation of its potential for magnetic fluid hyperthermia. Int J Mol Sci
2013;14(9):17501-10.

82. H. J. Manley and D. W. Grabe, “Determination of iron sucrose
(Venofer) or iron dextran (DexFerrum) removal by hemodialysis: an in-
vitro study,” BMC Nephrol., vol. 5, no. 1, p. 1, 2004.

83. Martin-Malo A, et al. Effects of intravenous iron on mononuclear cells
during the haemodialysis session. Nephrol Dial Transplant 2011;27
(6):2465-71.

84. Br borowicz M, Polubinska A, Tam P, Wu G, Br borowicz A. Effect of
iron sucrose on human peritoneal mesothelial cells. Eur J Clin Invest
2003;33(12):1038-44.

85. Shah A, Mankus CI, Vermilya AM, Soheilian F, Clogston JD,
Dobrovolskaia MA. Feraheme® suppresses immune function of human
T lymphocytes through mitochondrial damage and mitoROS produc-
tion. Toxicol Appl Pharmacol 2018;350:52-63.

86. Hempel JC, et al. Distinct in vitro complement activation by various
intravenous iron preparations. Am J Nephrol 2017;45(1):49-59.

87. Meier T, Schropp P, Pater C, Leoni A-L, Elford P. Physicochemical and
toxicological characterization of a new generic iron sucrose prepara-
tion. Arzneimittelforschung 2011;61(02):112-9.

88. Liakopoulos V, Roumeliotis S, Gorny X, Dounousi E, Mertens PR.
Oxidative stress in hemodialysis patients: a review of the literature.
Oxid Med Cell Longev 2017;vol. 2017.

89. Praschberger M, et al. Iron sucrose and ferric carboxymaltose: no
correlation between physicochemical stability and biological activity.
Biometals 2015;28(1):35-50.
90. Legssyer R, Geisser P, McArdle H, Crichton RR, Ward RJ.
Comparison of injectable iron complexes in their ability to iron
load tissues and to induce oxidative stress. Biometals 2003;16
(3):425-33.

91. Kohgo Y, Ikuta K, Ohtake T, Torimoto Y, Kato J. Body iron
metabolism and pathophysiology of iron overload. Int J Hematol
2008;88(1):7-15.

92. Tinkle S, et al. Nanomedicines: addressing the scientific and regulatory
gap. Ann N Y Acad Sci 2014;1313(1):35-56.

93. Ghoti H, et al. Evidence for tissue iron overload in long-term
hemodialysis patients and the impact of withdrawing parenteral iron.
Eur J Haematol 2012;89(1):87-93.

94. Naoum FA. Iron deficiency in cancer patients. Rev Bras Hematol
Hemoter 2016;38(4):325-30.

95. Del Vecchio L, Longhi S, Locatelli F. Safety concerns about
intravenous iron therapy in patients with chronic kidney disease. Clin
Kidney J 2016;9(2):260-7.

96. Walters BAJ, Van Wyck DB. Benchmarking iron dextran sensitivity:
reactions requiring resuscitative medication in incident and prevalent
patients. Nephrol Dial Transplant 2005;20(7):1438-42.

97. B. V Stefánsson, B. Haraldsson, and U. Nilsson, “Acute oxidative
stress following intravenous iron injection in patients on chronic
hemodialysis: a comparison of iron-sucrose and iron-dextran,”Nephron
Clin. Pract., vol. 118, no. 3, pp. c249–c256, 2011.

98. Macdougall IC. Intravenous iron therapy in patients with chronic
kidney disease: recent evidence and future directions. Clin Kidney J
2017;vol. 10(suppl_1):i16-24.

99. Macdougall IC, et al. Iron management in chronic kidney disease:
conclusions from a ‘Kidney Disease: Improving Global Outcomes’(K-
DIGO) Controversies Conference. Kidney Int 2016;89(1):28-39.

100. T. Avni, A. Bieber, A. Grossman, H. Green, L. Leibovici, and A.
Gafter-Gvili, “The safety of intravenous iron preparations: systematic
review and meta-analysis,” inMayo Clinic Proceedings, 2015, vol. 90, no.
1, pp. 12–23.

101. Zager RA, Johnson ACM, Hanson SY, Wasse H. Parenteral iron
formulations: a comparative toxicologic analysis and mechanisms of
cell injury. Am J kidney Dis 2002;40(1):90-103.

102. P. Geisser and A. Müller, “Pharmacokinetics of iron salts and ferric
hydroxide-carbohydrate complexes,” Arzneimittelforschung, vol. 37,
no. 1A, pp. 100–104, 1987.


	Factors influencing safety and efficacy of intravenous iron-carbohydrate nanomedicines: From production to clinical practice
	From colloidal suspensions to nanoparticles: a brief introduction
	Factors influencing intravenous iron products safety and efficacy
	Production
	Product transport and storage
	Product handling
	Application

	Characterization approaches: physicochemical, biological, and clinical assessment
	Summary and outlook
	Acknowledgments
	References


